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ABSTRACT 
 The hydrothermal-liquefaction of biowaste into biocrude oil has the potential to address 
the food-energy-water (FEW) nexus in junction with food production and water filtration using 
the wastewater from the process. This aqueous byproduct of the HTL process, post-hydrothermal 
liquefaction wastewater (PHWW), has the potential to be used as a means of providing nutrients 
and water to crop production systems. In order to effectively used in food production, PHWW as 
a crop fertilizer has to be established as being productive and safe. The literature indicates that 
PHWW likely is free of pathogens and has nutrients vital to plant growth, but that there are also 
potential contaminants that may inhibit plant growth or pose a food safety risk. The evaluation of 
PHWW as a potential fertilizer and the methods to produce a fertilizer treatment using PHWW 
have not been established and little research exists on crop production using PHWW.  This research 
aims to fill this gap by evaluating different treatments of PHWW and investigating whether lettuce 
can be hydroponically growth with sufficient nutrients and safe for heavy metals and 
E.coli/coliforms. For different treatment combinations of PHWW dilution factor, filtration type, 
and nitrification reaction, the results indicate that concentrations of cadmium, lead, and arsenic in 
the raw PHWW were well below the maximum recommended concentrations set by the 
Environmental Protection Agency (US EPA) for Water Reuse. In addition, the treatment methods 
in this study achieved percent removals ranging from 82-100% for cadmium, 99-100% for 
mercury, 75-99.5% for lead, and 71-99% for arsenic. The presence of E. coli/coliforms were not 
detected in raw PHWW or PHWW treatments. Nitrogen in the raw PHWW was predominantly in 
the total N form over the nitrate form, preventing it from being readily available to plants. After 
nitrification was induced for a week, the concentration of NO3+NO2 increased by 1.75 mg/L in the 
untreated 5% PHWW mixture but remained unchanged or decreased for all other treatment 
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mixtures. Phosphorous was not present at sufficient concentrations for plant growth.  From this, 
the hydroponic lettuce production of four different treatment mixtures of PHWW were compared 
to commercial hydroponic fertilizer for yields and heavy metals risk. Hydroponic fertilizer 
(Treatment 1) had the highest total dry yield of all five treatments; 3.06 times higher than 
Treatment 2 (diluted PHWW with sand filtration), 3.5 times higher than Treatment 3  (diluted 
PHWW with sand+carbon filtration), and 2.6 times higher than Treatment 4 (diluted and nitrified 
PHWW with sand filtration), and 1.3 times higher than Treatment 5 (diluted PHWW with sand 
filtration and supplemented hydroponic fertilizer). Findings also indicate that while PHWW was 
below the US Department of Agriculture Foreign Agriculture Service maximum levels for 
cadmium, lead, and mercury in food, the concentration of arsenic was 1.64, 2.37, and 2.0 times 
higher than the maximum level for Treatments 2, 3, and 4, respectively. However, these treatments 
showed symptoms of several nutrient deficiencies and lower yields. Diluted PHWW supplemented 
with hydroponic fertilizer had lower yields than hydroponic fertilizer alone, indicating the PHWW 
may be inhibiting the lettuce growth in some way outside of nutrient availability. Therefore, this 
research provides evidence that lettuce grown with treated PHWW does not pose a biological 
contamination risk but may cause levels of arsenic that are in excess of safe levels if not properly 
supplemented with other fertilizers. PHWW is a potential source of nitrogen-rich fertilizer for 
lettuce production, though additional research of PHWW is necessary to improve NO3+NO2 
concentrations and optimize fertilizer supplementation.  
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CHAPTER 1: INTRODUCTION 
 
The concept of the Food-Energy-Water (FEW) nexus is the intersectional systems 
approach of secure and sustainable sources of food, energy, and water; these resources and the 
sectors based on them are inherently connected in our civilization. This FEW approach has been 
adopted by the Food and Agriculture Organization (FAO) of the United Nations to assess the 
security of these resources and intervene in issues. It is essential that to collectively change the 
way in which these resources are sustainably produced on an intersectional level. Therefore, the 
development of technologies and systems to sustainably provide food, energy, and water together 
is important.  
One technology that can be used in the FEW approach is the hydrothermal-liquefaction 
(HTL) of biowaste into biocrude oil. By taking biowaste and undergoing the HTL process, a crude 
bio-oil is produced, contributing to meet energy needs. The pathogen-free and nutrient-rich waste 
from this HTL process can be treated using a range of treatment technologies or used to grow algae 
to recover nutrients for further processing via HTL and produce clean water. It can furthermore be 
used to produce food as a source of nutrients and water. In doing so, it has the potential to be an 
important tool in the FEW approach. However, before it can be used on a large industrial scale, all 
the components must be functional to truly meet the needs of the FEW nexus. Of these 
components, the treatment of post-hydrothermal-liquefaction wastewater (PHWW) for crop 
production has received the least attention in the literature. The food production system of this 
HTL solution to the FEW nexus is reliant on the potential for PHWW to be used to grow crops. 
This must be proved to be feasible and furthermore sustainable. This study seeks to determine the 
effectiveness of common water filtering technologies to remove undesirable contaminants, namely 
heavy metals such as arsenic, cadmium, mercury, and lead and pathogens such as E. coli and fecal 
coliforms from the PHWW and to investigate the suitable of this treated PHWW for use in 
hydroponic lettuce production.  
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CHAPTER 2: OBJECTIVES 
 
While suggested in previous literature, limited studies have been performed on the 
production of crops with post-hydrothermal-liquefaction wastewater (PHWW). In order to explore 
the potential for PHWW to be used as a fertilizer for crop production, this research aims to answer 
the general question of “Can PHWW be treated in such a way for use as hydroponic fertilizer for 
leafy vegetables such that it can be grown effectively and safely?” The specific objectives of this 
work were to: 
1. Determine the effectiveness of sand, sand+carbon, and reverse osmosis filtering 
treatments for PHWW to reduce arsenic, cadmium, mercury, lead, E. coli/coliforms from 
the wastewater below EPA maximum concentrations, 
2. Determine the effectiveness of nitrification of the PHWW with nitrifying bacteria to 
improve crop production by increasing nutrient availability of the wastewater, and  
3. Investigate the effect of different treated PHWW on lettuce yield and safety, in terms of 
heavy metal concentrations and pathogen-indicator presence and concentration, and 
compare these treatments to inorganic hydroponic fertilizer for nitrogen and 
phosphorous. 
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CHAPTER 3: LITERATURE REVIEW 
 
3.1 Overview and Objectives 
 Hydroponic agriculture is a type of controlled-environment agriculture that supplies 
nutrients to crops through exposing the roots to a liquid medium instead of soil. Traditionally, this 
is accomplished by dissolving synthetic fertilizers in water and supplying it to the crop roots. This 
fertilizer should contain all the macronutrients and micronutrients the plant needs and would 
normally absorb from the soil. While this fertilizer may be made from synthetic compounds, there 
are other sources of nutrients that have been studied for hydroponic use, such as wastewater from 
aquaculture operations, treated municipal sewage, and other wastewaters. However, a nutrient 
source that has not been fully studied is the wastewater from the hydrothermal liquefaction of 
swine manure for crude oil. Hydrothermal liquefaction (HTL) is a process that uses high heat and 
high pressure to convert wet organic matter into bio-crude oil. However, HTL utilizes the carbon 
fraction to produce bio-crude oil, leaving nutrients in the aqueous phase and unused, resulting in a 
post-HTL wastewater (PHWW). There is interest in whether PHWW can be used for hydroponic 
fertilizer.  
 The objective of this literature review is to compile research for the justification of the 
thesis research I am currently performing at the University of Illinois at Urbana-Champaign. 
Furthermore, this review will act as a guide for the thesis research, particularly on understanding 
literature regarding the use of treated wastewater in hydroponics, the characterization of the 
PHWW, and the process itself. This will include the efficacy and safety of crops grown with treated 
wastewater.  
3.2 Literature Review 
3.2.1 Use of Treated Wastewater in Hydroponics 
 Androver et al. (2013) investigated using hydroponics to determine the nutrients in 
different treated wastewaters. The study investigated alternative sources of water for crop 
irrigation in areas with water shortages. Thus, the goal was using hydroponics to compare nutrient 
supplies, not for directly growing food hydroponically with wastewater. However, this research 
can still be used for understanding hydroponics with treated wastewater. They used barley 
seedlings and grew them hydroponically in three different treatments: Hoagland nutrient solution 
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(HNS, a standard and complete hydroponic solution), treated municipal water from a conventional 
active-sludge treatment plant (CWW), and treated municipal water from a lagoon system (LWW). 
The treatment solution was replenished weekly and the experiment was repeated twice. After four 
weeks, the plants were harvested and weighed for dry root and shoot mass and analyzed for 
elemental content. The nutrient contents were ranked as HNS having the highest concentration, 
followed by CWW, which was followed by LWW. Production of barley was reduced by 47% and 
17% for CWW and LWW, respectively. Sodium and calcium concentrations were higher in the 
treated wastewaters. The authors concluded that treated wastewater can provide some nutrients, 
but that additional fertilizer is necessary for proper growth and production of barley. 
 Al-Karaki (2011) directly focused on using treated wastewater for hydroponic production 
of barley, in terms of barley yield, quality, and water use efficiency with different sources of 
irrigation. The purpose was also for investigating means of reducing water use in crop production 
but considered hydroponics to be the direct use of this research. This experiment used vertical 
hydroponic growing towers in controlled environment chambers to grow barley fodder trays. Three 
treatments were used in this experiment; tertiary treated sewage wastewater, tap water, and mixed 
wastewater and tap water. Water was applied twice daily, with the water used per day recorded for 
water use efficiency. Barley fodder yield was measured in fresh and dry weights, plant heights, 
and rate of produced fodder from seed weight. Fresh samples were taken for chemical analysis and 
microbial quality. They found that wastewater improved yields, water efficiency, and nutrient 
content compared to tap water treatment. However, they found that heavy metals did increase in 
wastewater treatment, but not beyond maximum regulation levels. Thus, the author stated that this 
shows that wastewater can be used to grow barley in hydroponic systems.  
This study differs from Androver et al. (2013) in the different types of treatments, but more 
importantly, in the control, which was tap water in this study rather than standard hydroponic 
solution. This difference could explain the different conclusions given by these studies of treated 
wastewater and hydroponic barley. The next two studies do not look at the same crop, but still look 
at hydroponic crops grown with treated wastewater. However, they are earlier studies than the 
previous two. 
Oyama et al. (2005) looked at nutrient reduction, microbial reduction, and growth rate of 
plants grown with treated wastewater compared to hydroponic fertilizer. The authors performed 
the study in order to find potential means of water conservation and environmental protection in 
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Australian agriculture. This study focuses on hydroponics for water conservation purposes, 
compared to traditional soil-based agriculture with spray or drip irrigation. The experiments were 
conducted with BioMax aerobic wastewater treatment systems for single dwellings and a 
hydroponic solution derived from Ag-Grow, a commercially available hydroponic solution. The 
crops in this experiment were tomato and bok choy seedlings, conducted in duplicate with 12 
seedlings per treatment per species per replication. Water was changed every 4-5 days and water 
analysis and growth measurements were done weekly for 12 weeks. The wastewater and 
hydroponic solution were tested for pH, ammonium, nitrate, phosphorus, and BOD and the 
wastewater was also tested for fecal coliforms. Overall, the study found that the wastewater from 
the hydroponics (the water after the hydroponic use of treated wastewater) was safe for irrigation 
use in terms of both chemical composition and microbial presence. Also, the crops had similar 
production rates to that of traditional hydroponic fertilizer. The authors concluded that treated 
wastewater would be well used in hydroponic crop production but notes that heavy metal 
accumulation in the plants should be studied. 
 Norström et al. (2003) examined the use of hydroponics within a wastewater treatment 
system. This is different than the other studies, which had hydroponics after treatment, whereas 
this study had hydroponics in the middle of treatment. The justification was to investigate the 
potential of this system design compared to conventional wastewater treatment systems. The data 
collection also focused more on the treatment efficacy and less on the crop production. The 
treatment system was made out of several components, simply, in order: anoxic tank, aerobic tank, 
hydroponics, clarifier, peristaltic pump, algal tanks, algal clarifier, sand filter, and effluent pump. 
Between each component, water quality was tested for oxygen level, nitrogen and phosphorus 
concentrations and overall compared to the influent oxygen level, chemical oxygen demand, 
biological oxygen demand, pH, and chemical concentrations. The results included finding a 90% 
COD reduction, 72% nitrogen reduction, and 47% phosphorus reduction. However, because the 
effluent concentrations are still higher than Swedish effluent standards, the authors suggest 
optimization before use. While this study does not directly address the growing of crops with 
treated wastewater, it does address the extent to which wastewater treatment in combination with 
hydroponics can reduce nutrient concentrations from sewage. 
 This last study by Muñoz et al. (2009) focuses on characterizing the contaminants in 
wastewater effluent. This is important, as there is possible danger in using wastewater. The reason 
 6 
for this article is to understand the contaminants in wastewater effluent and its potential for use in 
agriculture, in light of increased water stress and the drive to use wastewater effluents. The method 
quantified 27 priority and emerging (not-regulated, but dangerous) pollutants that were found in 
the effluents of two wastewater-treatment plants in Spain. Amongst the various compounds, metals 
were of the highest concentrations in the soil tested. Outside of heavy metals, pharmaceuticals 
were the next biggest risk factor. Thus, the authors concluded that wastewater could be unsafe for 
agriculture without a tertiary treatment. While this study does not direct itself at the use of 
wastewater for hydroponics, we can still use this information to understand the contaminants in 
wastewater that could be used as a fertilizer for hydroponics.  
Overall, there are contamination concerns for using sewage wastewater in hydroponics, but 
proper treatment can mitigate contamination. Also, different wastewater treatments can give 
different production results, sometimes less than traditional hydroponic fertilizer. 
3.2.2 Post-Hydrothermal Liquefaction Process and Wastewater 
Guo et al. (2015) reviewed literature on the bio-oil production from the hydrothermal 
liquefaction of algae. This was done to establish the current understanding of the chemistry 
involved and the promises of this technology for renewable energy. The review covers almost 150 
academic publications. The main topics of the review are the compounds in algae hydrothermal 
liquefaction and the influence of reaction conditions. There are four subtopics that are relevant to 
this review: products from algae HTL, reaction temperature, and reaction time. The products from 
algae HTL covers both compounds in the bio-oil produced and the byproducts. The review claims 
that the aqueous wastewater of algae HTL is high in nitrogen, phosphorus, potassium, and algal 
micronutrients. Ammonia is a major component of this. Additionally, because algae absorb trace 
elements, that algae HTL products can contain trace amounts of metals. These include Fe, Zn, Pb, 
and Cu, among others. Regarding temperature, maximal bio-oil production occurs between 250-
375 ºC, with lower or higher temperatures causing hydrolysis and gasification, respectively. 
Furthermore, the reaction time is sufficient at 10-15 minutes, but that maximal conversion to bio-
oil is at 60 minutes.  
A more recent review by Kumar et al. (2017) covered the chemistry and process of 
thermochemical conversion of microalgal biomass for biofuels. The reason for this review was to 
collect information on thermochemical conversion of microalgal to make that information more 
available for the expanding technologies of microalgal-based biofuel. The topics include pyrolysis, 
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hydrothermal liquefaction, gasification, torrefaction, and direct combustion. The topic of concern 
is hydrothermal liquefaction for us. This review claims that the temperatures are held between 
280-623 ºC with pressures between 10-25 MPa. The studies reviewed had holding times between 
1 and 120 minutes, though most were around 30 or 60 minutes. The composition of the wastewater 
was notably not specified in this review. 
Also, Lu et al. (2017) sought to see how human feces could be used as a feedstock for HTL 
to both treat the hazardous waste and produce energy. They studied the production of biocrude oil, 
the recovery of nutrients and metals via hydrothermal liquefaction of human feces. The feedstock 
used was homogenized and refrigerated human feces taken fresh from a latrine in a suburb of 
Beijing, China. The composition of the feces was similar to that of literature. The study 
implemented an orthogonal experimental design including 3 different treatment levels of each of 
the following: temperature, retention time, and total solids. All were performed in the same batch 
reactor. Samples from the feedstock, biocrude oil, aqueous phase, gaseous phase, and solid residue 
were analyzed for organic elements (total carbon, total organic carbon, hydrogen, nitrogen, and 
phosphorous), metals (Al, Ca, Mg, Zn, Fe, K, and Na), gaseous products (CO2,H2, and CH4), 
chemical oxygen demand, and pH. The analysis showed that 54% of the carbon was incorporated 
into the biocrude and 72% of the nitrogen went to the aqueous phase. Other ratios were calculated 
for each phase and associated elements. Most heavy and alkali-earth metals were found 
precipitated in the solid phase, while alkali metals (primarily Na and K) were found dissolved in 
the aqueous phase. The authors claimed that the study showed the feasibility of using HTL to treat 
human feces and separate nutrients and metals in biowastes as a whole. 
These reviews and studies are important in that they establish several key points: the 
nutrient composition of the algae HTL wastewater, the metals present in the wastewater, and the 
time and temperatures used to perform this conversion. The Lu et al. (2017) study also further 
shows how most of the metals are not in the aqueous phase of the wastewater and the nutrient 
recycling capacity of HTL. 
Pham et al. (2013) investigated how hydrothermal liquefaction affects the bioactive 
contaminants in the manure and algae used as feedstock in the process. The authors performed this 
study to see if HTL is an effective means of destroying bioactive contaminants in wastewater and 
biosolids while also producing bioenergy. The main contaminants considered were estrone, 
florfenicol, ceftiofur, bisphenol A, estradiol, and carbenicillin resistance encoded on plasmids in 
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E. coli. The study measured removal percent of estrone, florfenicol, and ceftiofur at different 
temperatures; it used radiolabeled carbon to trace how bisphenol A and estradiol were affected; it 
used plasmid DNA extraction, purification, and transformation to A. vinelandii to measure how 
the bacteria were affected. Estrone, florfenicol, and ceftiofur were found to be completely removed 
when operated at 300 ºC for 30 minutes or longer. Radiolabeling found that 60-79% of the carbon 
in bisphenol A and estradiol was converted into the raw HTL oil, with most of the rest in aqueous 
product. The bacteria transformations found that the HTL process killed all bacteria and the 
antibiotic resistance plasmids. The authors concluded that HTL is a good method for producing 
bio-crude oil, while also destroying bioactive contaminants in the feedstock used. They suggest 
that this could be used to reduce risks and costs related to bioactive contaminants and antibiotic 
resistance in biowaste systems.  
This study further shows the nutrients involved in the wastewater, while also demonstrating 
how HTL is an effective tool and eliminating biological contaminants. Together with the previous 
studies and reviews on the process and the composition of the wastewater, we can see that there is 
a potential for PHWW to be useful as a treatment for biological wastes that produces a wastewater 
that contains nutrients, decreases metals concentration compared to the feedstock, and eliminates 
all biological hazards in the feedstock. Therefore, PHWW may be a comparable or better nutrient 
source for crop production than other forms of treated wastewaters. 
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CHAPTER 4: SUITABILITY OF TREATED PHWW FOR HYDROPONIC LETTUCE 
PRODUCTION: YIELD AND SAFETY 
 
4.1 Introduction 
In order to meet the future world food requirements for a growing human population, it is 
imperative to better utilize all available resources, including reusing and recycling streams of 
wastewater. Food production requires water and other nutrients essential for growth. Therefore, it 
is imperative to develop agricultural technologies that use those resources efficiently. Meanwhile, 
humans and livestock produce manure and wastewater that require treatment to protect health and 
the environment. Manure and food waste are readily available resources, amounting to 
approximately 77 million dry tons of biowaste annually in the United States (US Department of 
Energy 2017). Therefore, previous studies have examined the use and treatment of wastewater for 
crop irrigation (Jaramillo et al., 2019; Ambika and Ambika, 2010). However, the health and safety 
of such practices have garnered concern; metals, pathogens, and medical drugs have been reported 
in using conventionally treated wastewater (Khalid et al., 2018; Christou et al., 2017). This study 
examines the treatment of a wastewater that has potential to supply nutrients for crop growth under 
hydroponic conditions: post-hydrothermal liquefaction wastewater (PHWW).  
Hydrothermal liquefaction (HTL) is a chemical process that uses heat and pressure to 
convert biomass into biofuel in the form of biocrude (Akhtar and Amin, 2011). It utilizes manure, 
sewage sludge, algae, and other feedstocks and produces a biofuel product, but for our purposes, 
its main attraction is the wastewater from this process: all the liquid mass that could not be turned 
into biofuel. The process by which HTL occurs makes this wastewater very attractive for crop 
production. Pathogens, genetic material, and pharmaceuticals present in the feedstock should be 
destroyed by the high temperatures and pressures (Huang and Yuan, 2015; Peterson et al., 2008) 
while passing on plant nutrients like nitrogen, potassium, and phosphorus (Leng and Zhou, 2018). 
These are reasons why PHWW has been used to produce algae (Yang et al., 2018; Stablein, 2018; 
Leng et al., 2018), but the potential to use this wastewater for food production has yet to be deeply 
investigated in the literature. Currently, the only research done on this PHWW has been with 
growing rice (Mazur, 2016). Therefore, this study seeks to investigate if wastewater can be treated 
for use as a hydroponic fertilizer for leafy greens, specifically lettuce (Lactuca Sativa). 
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Hydroponic crop production, which uses water and fertilizers without a soil medium to 
grow food, is on the rise, with a 653 percent increase in investments in vertical farming from 2016-
2017 (Eater, 2019). Hydroponic fertilizer can be either organic or synthetic and is applied at a rate 
to optimize the crop being grown (Mattson and Peters, 2019), so finding a renewable source of 
nutrients that can be used in fertilizer recipes may be of great interest to hydroponic vegetable 
growers. However, before measuring the potential for PHWW as a fertilizer in terms of crop 
growth and yields, it is important to ensure that it is safe for use.  
4.1.1 Treatment of wastewater using granular media and membranes 
This study investigates the use of rapid sand filtration (referred to as sand filtration in this 
study), combined sand and carbon filtration, and reverse osmosis filtration. These three treatment 
methods provide a range of fast filtration methods. Sand filtration is primarily used for the physical 
removal of inorganics like iron and manganese (Hoslett et al., 2018) and can also be effective at 
removing trace metals (Chaudhry et al., 2017). Removal can be increased by coating the sand with 
iron or manganese oxides by increasing the surface area and adsorption sites. Sand filtration is also 
a simple method that can be operated by people with only basic training (Smith et al., 2017). 
Activated carbon is commonly used as a filtration media to adsorb pesticides and viruses (Guo et 
al., 2017; Kårelid et al., 2017), and can be operated at high loading rates (Shanmuganathan et al., 
2017). Reverse osmosis is a membrane process that removes ions from water by reversing the 
natural flow of water towards the more concentrated solution by overcoming the osmotic pressure. 
Due to the small openings in the membrane, fouling can occur and reduce performance over time 
(Wu et al., 2017; Zhang et al., 2017). While reverse osmosis membranes can achieve >95% 
removal of contaminants, complete removal of contaminants is difficult to achieve (Bi et al., 2016; 
Hedayatipour et al., 2017). Of the three treatment methods tested in this study, reverse osmosis 
requires the most training and expertise to effectively operate the system (Suresh and Pugazhenthi, 
2017); Carpintero-Tepole et al., 2017; Hung and Liu, 2016; Sandoval et al., 2017). 
Sand filtration of wastewater was examined by Hamada et al (2004) in a study of rapid 
sand filters in three tertiary wastewater treatment plants in Kuwait to determine if sand filtration 
of wastewater could produce water effluent that meets water quality requirements for irrigation, in 
order to meet agricultural water demand. It was found that the secondary effluent quality was 
variable, with seasonal variations explained by nitrification and denitrification increasing gas and 
sludge solids, prompting frequent backwashing. The study claims that tertiary treatment of 
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secondary-treated wastewater using rapid sand filtration provided stability to secondary treatment 
quality variation and effectively improves water quality of wastewater for landscape irrigation. 
Gude et al. (2018) investigated the effect of pH, Fe(II), Fe(III), filtration velocity, and 
media size on the removal of As(III) in rapid filters. The study aimed to investigate the interaction 
of As and Fe in rapid filter columns with biological activity. This was done in order to improve As 
removal based on literature indicating oxidized As(V) is more readily adsorbed to hydrous ferrous 
oxides. Using 90 mm diameter 1 m height columns with either fine sand, coarse sand, anthracite, 
or pumice and aerated groundwater, the variable settings of filter media, pH, flowrate, and added 
Fe (II) and Fe (III) were tested. It was found that regardless of filter media, As(III) was fully 
converted after 70 days, with improved As removal using coarse media, added Fe(III), and 
lowering pH to 7.4. 
Genç-Fuhrman et al. (2007) studied the effect of using different sorbent media to remove 
heavy metals from stormwater. The study compared the heavy metal removal efficiency of 
different media under controlled experimental conditions. Using alumina, activated bauxsol-
coated sand, bauxsol-coated sand, granulated activated carbon, granulated ferric hydroxide, iron 
oxide-coated sand, natural zeolite, sand, and spinel with synthetic stormwater, the removal 
efficiencies of As, Cd, Cr, Cu, Ni, and Zn were found and ranked for each metal. They found that 
alumina was the most effective at removing heavy metals and that alumina, bauxsol-coated sand, 
granulated ferric hydroxide, and granulated activated carbon removed heavy metals in compliance 
with Danish Emission Limit Values. 
4.1.2 Use of wastewater for hydroponic crop production 
Androver et al. (2013) investigated using hydroponics to determine the nutrients in 
different treated wastewaters. The study investigated alternative sources of water for crop 
irrigation in areas with water shortages. The production of barley was reduced by 47% and 17% 
for conventional activated sludge and water from a lagoon system, respectively. The authors 
concluded that treated wastewater can provide some nutrients, but that additional fertilizer is 
necessary for proper growth and production of barley. Al-Karaki (2011) also looked at barley 
production using vertical hydroponic growing towers in controlled environment chambers. Three 
treatments were used in this experiment; tertiary treated sewage wastewater, tap water, and mixed 
wastewater and tap water. They found that wastewater improved yields, water efficiency, and 
nutrient content compared to tap water treatment. However, they found that heavy metals did 
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increase in wastewater treatment, but not beyond maximum regulation levels. Thus, the author 
stated that this shows that wastewater can be used to grow barley in hydroponic systems.   
A study by Muñoz et al. (2009) focused on characterizing the contaminants in wastewater 
effluent. The aim of this study was to understand the contaminants in wastewater effluent and their 
potential for use in agriculture, considering increased water stress and the drive to use wastewater 
effluents. The method quantified 27 priority and emerging (not-regulated, but dangerous) 
pollutants that were found in the effluents of two wastewater-treatment plants in Spain. Amongst 
the various compounds, metals were of the highest concentrations in the soil tested. Outside of 
heavy metals, pharmaceuticals were the next biggest risk factor. Thus, the authors concluded that 
wastewater could be unsafe for agriculture without a tertiary treatment. While this study does not 
direct itself at the use of wastewater for hydroponics, we can still use this information to understand 
the contaminants in wastewater that could be used as a fertilizer for hydroponics.  
Overall, there are contamination concerns for using sewage wastewater in hydroponics, but 
proper treatment can mitigate contamination. Also, different wastewater treatments can give 
different production results, sometimes less than traditional hydroponic fertilizer. 
4.1.3 Hydrothermal Liquefaction and Post-Hydrothermal Liquefaction Wastewater 
Lu et al. (2017) sought to see how human feces could be used as a feedstock for HTL to 
both treat the hazardous waste and produce energy. They studied the production of biocrude oil, 
the recovery of nutrients and metals via hydrothermal liquefaction of human feces. The feedstock 
used was homogenized and refrigerated human feces taken fresh from a latrine in a suburb of 
Beijing, China. The analysis showed that 54% of the carbon was incorporated into the biocrude 
and 72% of the nitrogen went to the aqueous phase. Other ratios were calculated for each phase 
and associated elements. Most heavy and alkali-earth metals were found precipitated in the solid 
phase, while alkali metals (primarily Na and K) were found dissolved in the aqueous phase. The 
authors claimed that the study showed the feasibility of using HTL to treat human feces and 
separate nutrients and metals in biowastes as a whole. 
These reviews and studies are important in that they establish several key points: the 
nutrient composition of the algae HTL wastewater, the metals present in the wastewater, and the 
time and temperatures used to perform this conversion. The Lu et al. (2017) study also further 
shows how most of the metals are not in the aqueous phase of the wastewater and the nutrient 
recycling capacity of HTL. 
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Pham et al. (2013) investigated how hydrothermal liquefaction affects the bioactive 
contaminants in the manure and algae used as feedstock in the process. The authors performed this 
study to see if HTL is an effective means of destroying bioactive contaminants in wastewater and 
biosolids while also producing bioenergy. The bacteria transformations found that the HTL process 
killed all bacteria and the antibiotic resistance plasmids. The authors concluded that HTL is a good 
method for producing bio-crude oil, while also destroying bioactive contaminants in the feedstock 
used. They suggest that this could be used to reduce risks and costs related to bioactive 
contaminants and antibiotic resistance in biowaste systems.  
In the scope of this study, there are two major safety concerns of using PHWW for 
hydroponic crops, due to it originating from biowaste; heavy metals content and presence of 
pathogens. Genetic material, medication, and endocrine disruptors are not investigated in this study 
and only four heavy metals (lead, cadmium, arsenic, and mercury) are considered due to cost 
limitations. Furthermore, in addition to safety concerns, the nutrient composition of the PHWW 
needs to be within ranges tolerable for successful crop growth. We focus on nitrogen and 
phosphorous in this study, as these are the dominant macronutrients necessary for plant growth. 
Therefore, this study will explore two major questions: can PHWW be safely used and how does 
its composition compare to commercial hydroponic fertilizer solutions? To answer these questions, 
this study addresses the following objectives: 
1. Establish the heavy metals concentrations for arsenic, lead, cadmium, and mercury in the 
PHWW, 
2. Measure the concentrations of nitrogen and phosphorus nutrients in the PHWW and 
compare to synthetic hydroponic fertilizer and the needed nutrients for lettuce (Lactuca 
Sativa), as well as the US EPA standards for irrigation water used for crops, and  
3. Determine if fecal coliforms or E. coli are present in the PHWW. 
These objectives will be carried out for raw PHWW and different PHWW mixtures and 
filtration methods. These can be used to select several promising PHWW treatments for 
hydroponic fertilizer. With this achieved, research can be done on optimizing the production of 
crops with this new fertilizer source. 
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4.2 Materials and Methods 
4.2.1 Experimental Design 
4.2.1.1 Experimental Variables and Experimental Units 
Raw PHWW received treatment combinations in a randomly assigned order, with the 
following factors and factor levels: 
1. Mixture of PHWW (1%, 2.5%, and 5% solution by volume) 
2. Nitrification of PHWW (no nitrification allowed; nitrification allowed) 
3. Filtration method of diluted PHWW (no filter, sand filter, sand+carbon filter, reverse 
osmosis filter) 
in addition to tap water and commercial hydroponic fertilizer as control groups, for a total of 26 
treatments. Each treatment was repeated three times, by repeating the random assigning and 
processing of treatments, for a grand total of 78 experimental units. For each of these units, the 
dependent variables measured after treatment were:  
1. Heavy metals concentrations (Hg, As, Cd, and Pb in µg/L) 
2. Nutrient concentrations (NO3+NO2, total N, orthophosphate, and total P in mg/L) 
3. Presence of fecal coliforms and E. coli (colonies detected on plating) 
During the experiment, the PHWW source, water source, room conditions, volume of 
PHWW processed per treatment, and filter operating pressure were kept constant. 
4.2.1.2 Explanation of Experimental Groups 
In order to convey the intended purpose of the experimental groups, Table 4.1 lists the 
groups and what they seek to test: 
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Table 4.1: Explanation of experimental groups for PHWW treatment. 
Experimental Group Explanation 
Raw PHWW Composition of raw PHWW before any treatment; untreated 
Diluted PHWW 
Effect of different mixtures to reduce metals concentration and bring nutrients to 
plant-sufficient concentrations. PHWW was diluted using tap water. 
Sand Filtered PHWW 
Effect of a basic filtration method on diluted PHWWs to further reduce metals and 
filter out E. coli/coliforms, but also effect on nutrients. Diluted and then filtered 
through a sand filtration bed. 
Sand+Carbon Filtered 
PHWW 
Effect of mid-level filtration on diluted PHWW to further reduce metals and filter out 
E. coli/coliforms, but also effect on nutrients. Diluted and then filtered through a 
layered sand and activated carbon filtration bed 
Reverse Osmosis 
PHWW 
Effect of high-level filtration on diluted PHWWs to further reduce metals and filter 
out E. coli/coliforms, but also effect on nutrients 
Nitrified PHWW 
Effect of nitrification and aeration on the composition of nutrient availability. 
Nitrifying bacteria were added to the water to induce nitrification over a 1-week 
period. Diluted, nitrified, and then filtered, when applicable. 
4.2.2 Materials 
4.2.2.1 PHWW Source 
The PHWW was sourced from the Dr. Yuanhui Zhang research group at the University of 
Illinois at Urbana-Champaign. The PHWW comes from the hydrothermal liquefaction of algae 
grown on swine manure in a laboratory pilot reactor. The PHWW was stored undiluted in barrels 
prior to being collected and was well mixed before collected in five 5-gallon sealed plastic buckets. 
4.2.2.2 Water Source & Dilutions 
All water used to prepare PHWW dilutions in this experiment comes from the tap water in 
the lab, and was not deionized before use, due to the large volume of water needed for the 
experiment. The dilutions were performed in 55-gallon plastic barrels.  
4.2.2.3 Filtration Equipment 
Sand and sand+carbon filtration treatments were performed with a Sand Master Soft Sided 
Above Ground Pool Sand Filter System (Figure 4.1; Swimline, Edgewood, NY, USA), filled with 
sand and a sand-carbon-sand layering, respectively. The sand was Fairmount Minerals Pool Filter 
#20 Grade Silica Sand (Fairmount Santrol, Benton Harbor, MI, USA), and the activated carbon 
source was 4 x 8 US mesh size (particles were in the range of 0.25” to 0.125”) Custom Aquatic 
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Premium Bulk Granular Activated Carbon (Custom Aquatic, Vista, CA, USA). Neither the total 
sorption capacity nor the sorption rate was determined for the filtration equipment. 
 
Figure 4.1: Pump and filter system for sand and sand+carbon filtration treatments. 
The reverse osmosis treatments were performed with an iSpring RCC7P Performance-
boosted Under Sink 5-Stage Reverse Osmosis Drinking Water Filtration System with Pump and 
Ultimate Water Softener (Figure 4.2; iSpring, Alpharetta, GA, USA) connected to a SHURflo 198 
GPH (Pentair, Minneapolis, MN, USA) industrial water pump.  
 
Figure 4.2: Reverse osmosis system used in this study. 
Nitrification was performed in 55-gallon plastic barrels and was aided by ATM Aquarium 
Products Colony Nitrifying Bacteria (ATM Aquarium Products, Las Vegas, NV, USA) true 
nitrifying bacteria starter, a 45 L/min Hydrofarm AAPA45L Active Aqua Commercial Air Pump 
(Hydrofarm, Petaluma, CA, USA) ,  6 VIVOSUN 4 x 2 Inch Large Air Stone Cylinders (Vivosun, 
Los Angeles, CA, USA), and Aquatic Experts Rigid Latex-Coated Coarse Bulk Roll Pond Filter 
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Media, 18x72x1 Inches (Aquatic Experts, Greensboro, NC, USA) as biofilter material for the 
bacteria.  
The coliform and E.coli indicator organisms were detected and enumerated using 3M 
PetrifilmTM E.coli/Coliform Count plates (Product Code 6414). These E.coli/Coliform plates 
contain Violet Red Bile nutrients, a cold-water-soluble gelling agent, an indicator of glucuronidase 
activity, and a tetrazolium indicator that facilitate colony detection and enumeration in food and 
aqueous samples. One milliliter of water was taken from each sample, plated, and incubated at 37 
°C for 24 hours. 
For sample storage, 250 mL Nalgene plastic bottles were cleaned with deionized water and 
allowed to dry before use. The sample bottles were fully filled with the sample solution when 
collected. Immediately after sample collection, all sample bottles were capped, sealed, labelled, 
and refrigerated at 4 °C. Plating analysis was performed the next day, nutrient analysis was 
performed within a week, and heavy metal analysis within 2 months 
4.2.3 Procedure 
4.2.3.1 Initial PHWW 
The experiments were conducted in the Soil and Water Laboratory of the University of 
Illinois at Urbana-Champaign. The lab was kept at room temperature (21.1 °C) throughout the 
duration of the study, except when otherwise noted. When not in use, PHWW was sealed in the 5-
gallon plastic buckets to prevent contamination from the room environment. 
Raw PHWW was first well-mixed with a powered stirring rod for 3 minutes, then sampled. 
This was done to establish the base concentration of nutrients, metals, and E. coli/coliforms in raw 
PHWW; that is, PHWW before dilution or other treatments.  
4.2.3.2 Dilution Process 
For the preparation of diluted/unfiltered PHWW, the PHWW was first well-mixed with a 
powered stirring rod for 3 minutes, then measured out for the corresponding mixture for a total 
volume of diluted PHWW of 200 liters, repeated three times for replication. Samples for 
diluted/unfiltered samples were taken from this solution. This was done to establish the base 
concentration of nutrients, metals, and indicator pathogens in the PHWW before further 
treatments. Solutions for nitrification treatment proceeded to be nitrified before filtration, whereas 
solutions for no nitrification treatment proceeded directly to filtration. 
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4.2.3.3 Nitrification Process 
Nitrification was performed in order to convert some of the ammonium and organic forms 
of nitrogen in the raw PHWW into NO3+NO2. In order to achieve nitrification through true 
nitrifying bacteria, Nitrosomonas and Nitrobacter, 100 mL of true nitrifying bacteria solution per 
200 liters of diluted PHWW to introduce the bacteria to the wastewater. To establish optimal 
conditions for bacteria growth, the temperature was held at 26.67 °C in closed-lid 55-gallon bins 
and supplied with oxygen from 45 L/min air pumps using 6 air diffusing stones for 8 days. 
Additionally, 48x72x1 inches of filter pad media was submerged in the nitrifying solution to 
increase the surface area for nitrifying bacteria to multiply on. After 8 days of reaction, the 
equipment was removed from the bins and heating was stopped, unfiltered samples were taken, 
and then the remaining diluted/nitrified solution proceeded to filtration.   
4.2.3.4 Filtration Preparation, Sand and Sand+Carbon 
Two pool filters were used, one for sand filtration and the other for sand+carbon filtration. 
For sand filtration, filter-quality sand was poured into the filtration bed of the pool filter to three-
quarters of the height of the bed, according to manufacturer instructions. For sand+carbon 
filtration, the middle third of the filter sand was replaced with activated carbon (Figure 4.3).  
 
(a) (b) 
Figure 4.3: Schematic depicting the (a) sand filtration system and (b) the sand+carbon filtration system. 
In either case, the filter bed was primed with tap water before use. Between different 
mixtures and nitrified versus non-nitrified solutions, the filter media was removed, the filter bed 
was cleaned with bleach and thoroughly rinsed, and fresh filter media was added to the filter bed; 
the filter bed was not refreshed between different replications. However, new stock 
diluted/unfiltered PHWW solution was prepared from raw PHWW for each replication.  
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4.2.3.5 Filtration process - Sand and Sand+Carbon 
The 200 liters of diluted/unfiltered (both non-nitrified and nitrified) PHWW were then 
passed through the pool filter at 5 psi at a flow rate of 75.7 liters per minute (20 gallons per minute) 
for a single-pass filtration. From the filtered PHWW, the sample solution was taken from the well 
mixed filtered PHWW product.  
4.2.3.6 Filtration Preparation and Process - Reverse Osmosis 
The reverse osmosis system, which included sand filtration, carbon filtration, and 
clarifying segments in addition to the reverse osmosis, was assembled on a wooden frame to hold 
the system upright. A pump was used to provide sufficient water pressure for the system. For each 
experimental unit, the reverse osmosis system was fed 15 liters of the well mixed 200 liter 
diluted/unfiltered solution, due to the slow process of the reverse osmosis system and expense of 
replacing parts if the system became overloaded. Sample solutions were collected from the well-
mixed product water of the reverse osmosis system. The reverse osmosis system did not have any 
of its filtration or reverse osmosis components replaced throughout the experiment.  
4.2.4 Analyses  
Water samples were collected into 250 mL Nalgene bottles. Immediately after sample 
collection, all sample bottles were capped, sealed, labelled, and refrigerated at 4 °C. Samples were 
analyzed for E.coli/coliform the day following sample collection, nutrient analysis was conducted 
within one week after sampling, and heavy metal analyses was completed within approximately 2 
weeks after sample collection. 
4.2.4.1 Heavy Metals Analyses 
Heavy metals in all solution samples were tested at the Microanalysis Laboratory at the 
School of Life Sciences and the University of Illinois using Inductively Coupled Plasma Mass 
Spectrometry with “PERKINELMER – MODELS NEXION 350D (ICP-MS) AND OPTIMA 
8300 (ICP-OES)”, for detecting the heavy metals down to parts per billion (µg/L) concentrations. 
The metals tested were mercury, lead, cadmium, and arsenic. 
4.2.4.2 Nutrient Assay 
Nutrients in all samples were tested at the Water Quality Lab at the Agricultural 
Engineering Sciences Building. Samples were analyzed for nitrogen (total N and NO3+NO2) 
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according to Automated Hydrazine Reduction Method (Standards Methods 4500-NO3-H, NEMI) 
and for orthophosphate and total P using the Ascorbic Acid Reduction Method (Standard Methods 
4500-P-F, NEMI).  
4.2.4.3 E. coli/coliforms Assay. 
E. coli/coliforms in all samples were tested internally at the Soil Pathogens Lab at the 
Agricultural Engineering Sciences Building. One milliliter of sample solution was pipetted onto a 
3M E. coli/coliforms plates and incubated for 24 hours. Afterwards, plates were counted by hand 
for colonies of fecal coliforms and colonies of E. coli.   
4.2.4.4 Statistical Analysis 
Differences between the treatments were analyzed for significance using a one-way 
analysis of variance (ANOVA) with post-hoc Tukey Honestly Significant Difference (HSD) for 
comparing multiple treatments. When sample sizes were unequal, the Tukey-Kramer method was 
used. 
4.3 Results 
The concentrations (µg/L) of cadmium, mercury, lead, and arsenic in raw and PHWW 
treatments of different mixtures (1%, 2.5%, 5%) and filtration methods (none, sand, sand+carbon, 
reverse osmosis) with 3 replications and the average of those replications are presented in Table 
4.2. 
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Table 4.2: Metal concentrations in the raw PHWW and treated PHWW. Concentrations are shown in µg/L. 
Metal Concentrations in PHWW and PHWW Treatments 
Sample Cadmium Mercury Lead Arsenic 
Mixture 
(% raw) 
Treatment 
Avg Conc 
(µg/L) 
Avg Conc 
(µg/L) 
Avg Conc 
(µg/L) 
Avg Conc 
(µg/L) 
100% none 1.57 6.25 20.68 41.20 
1.0% 
none 0.00 0.00 0.92 2.28 
sand 0.28 0.00 4.21 8.23 
sand+carbon 0.12 0.00 2.05 4.44 
reverse osmosis 0.00 0.00 0.16 0.89 
2.5% 
none 0.25 0.00 1.21 5.01 
sand 0.08 0.00 3.06 8.18 
sand+carbon 0.13 0.00 2.75 6.75 
reverse osmosis 0.00 0.00 0.09 1.34 
5.0% 
none 0.11 0.06 1.42 6.27 
sand 0.06 0.00 5.19 11.89 
sand+carbon 0.03 0.00 1.54 5.22 
reverse osmosis 0.06 0.00 0.58 0.40 
Arsenic and lead had the highest concentrations, having an average of 41.2 µg/L and 20.68 
µg/L, respectively. Across all treatments and mixtures, mercury was below detectable levels. The 
reverse osmosis treatments had the lowest concentrations of all metals and within each mixture. 
Within each mixture, both the sand and sand+carbon treatments had higher lead and arsenic 
concentrations than the diluted unfiltered PHWW, except for the 5% sand+carbon treatment. 
Between sand and sand+carbon, sand+carbon had lower lead and arsenic concentrations. For the 
1% mixture, cadmium was higher in the filtered treatments than the unfiltered treatments, but for 
the 2.5% and 5% mixtures, cadmium was reduced after filtration. Figure 4.4 presents the percent 
removal of metals by each treatment method and for each mixture. 
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Figure 4.4: The percent removal of each metal from the four treatments and three mixtures is presented. 
As seen in Table 4.4, the mercury was quite easily removed from the PHWW for all 
mixtures and with all treatment methods. However, the removal of cadmium, lead, and arsenic was 
more variable. For cadmium, reverse osmosis achieved a 100% reduction for the 1% and 2.5% 
mixtures and a 96% removal with the 5% mixture. Sand filtration removed 82%, 95%, and 96% 
of the cadmium, respectively, from the 1%, 2.5%, and 5% mixtures. When carbon filtration was 
added to the sand, the removal of cadmium was 92%, 91%, and 98% from the 1%, 2.5%, and 5% 
mixtures, respectively. For lead and arsenic, there was a more dominant trend between treatments. 
The reverse osmosis achieved the highest removals for all three mixtures, while sand+carbon 
achieved the second highest removal, followed by sand filtration alone. It is worth noting that the 
diluted mixture receiving no treatment performed better than the sand filtration and sand+carbon 
filtration, with the exception of the arsenic removal at the 5% mixture, where the sand+carbon 
filtration performed slightly better than the untreated mixture. Table 4.3 shows the p-values for all 
treatment comparison of metals removal. The significant differences (p < 0.05) are highlighted in 
red for convenience. 
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Table 4.3: Significant differences between methods for each metal were calculated using Tukey HSD 
method and the p-values are presented for each treatment comparison. Significant differences (p < 0.05) 
are highlighted in red for convenience. 
1% Mixture 
Treatment 1 Treatment 2 Cd Hg Pb As 
none sand 0.311 -- 0.002 0.007 
none sand + carbon 0.826 -- 0.258 0.391 
none reverse osmosis 0.900 -- 0.547 0.698 
sand sand + carbon 0.712 -- 0.020 0.072 
sand reverse osmosis 0.311 -- 0.001 0.002 
sand + carbon reverse osmosis 0.826 -- 0.038 0.093 
2.5% Mixture 
Treatment 1 Treatment 2 Cd Hg Pb As 
none sand 0.573 -- 0.498 0.589 
none sand + carbon 0.768 -- 0.624 0.886 
none reverse osmosis 0.299 -- 0.791 0.483 
sand sand + carbon 0.900 -- 0.900 0.900 
sand reverse osmosis 0.900 -- 0.164 0.090 
sand + carbon reverse osmosis 0.755 -- 0.228 0.202 
5% Mixture 
Treatment 1 Treatment 2 Cd Hg Pb As 
none sand 0.886 0.524 0.578 0.768 
none sand + carbon 0.668 0.524 0.900 0.900 
none reverse osmosis 0.886 0.524 0.900 0.746 
sand sand + carbon 0.900 0.900 0.599 0.678 
sand reverse osmosis 0.900 0.900 0.429 0.293 
sand + carbon reverse osmosis 0.900 0.900 0.900 0.836 
Table 4.3 shows that the only significant differences between treatments are for the 1% 
mixture and for lead and arsenic removal. The removal of lead and arsenic follow the following 
trend: reverse osmosis > sand+carbon > sand > none. Table 4.4 shows the average metals 
concentrations for the 2.5% mixture both with, and without nitrification. 
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Table 4.4: Metal concentrations in the raw PHWW and treated PHWW with and without nitrification. 
Concentrations are shown in µg/L. 
Metal Concentrations in Nitrified and Non-Nitrified PHWW Treatments 
Sample Cadmium Mercury Lead Arsenic 
Mixture  
(% raw) 
Treatment 
Avg Conc 
(µg/L) 
Avg Conc 
(µg/L) 
Avg Conc 
(µg/L) 
Avg Conc 
(µg/L) 
100% none 1.57 6.25 20.68 41.20 
2.5%              
Without 
nitrification 
none 0.25 0.00 1.21 5.01 
sand 0.08 0.00 3.06 8.18 
sand+carbon 0.13 0.00 2.75 6.75 
reverse osmosis 0.00 0.00 0.09 1.34 
2.5%         
With 
nitrification 
none 0.17 0.06 1.09 2.19 
sand 0.54 0.00 0.50 2.21 
sand+carbon 0.43 0.00 1.13 2.40 
reverse osmosis 0.27 0.03 1.94 0.47 
The cadmium concentrations were higher for the 2.5% mixture with nitrification for the 
sand, sand+carbon, and reverse osmosis treatments, but lower for the untreated mixture with 
nitrification. The mercury concentrations were zero for all 2.5% mixture treatments receiving no 
nitrification and the sand and sand+carbon treatments for the 2.5% mixture with nitrification. Lead 
concentrations were higher for the 2.5% mixture without nitrification when no treatment was used, 
as well as when sand and sand+carbon treatments were used. Only when reverse osmosis was used 
was the lead concentration higher for the 2.5% mixture with nitrification. All arsenic 
concentrations were higher for the 2.5% mixture with no nitrification. Figure 5 presents the percent 
removal of metals by each treatment method for the 2.5% mixture of PHWW. 
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Figure 4.5: The percent removal of each metal from the four treatments with and without nitrification is 
presented. 
From Figure 4.5, it can be seen that cadmium was more difficult to remove after 
nitrification was induced. The percent removal was lower for all treatments after nitrification. The 
untreated mixture, however, was slightly higher (84% vs. 89%) for cadmium. Since no mercury 
was detected in the PHWW before nitrification but low detections were recorded after nitrification, 
the percent removal was slightly lower after nitrification for mercury. The percent removal for 
lead decreased from 99.6% to 90.6% with reverse osmosis but increased for sand filtration (from 
85.2% to 97.6%) and sand+carbon filtration (from 86.7% to 94.5%). The percent removal of 
arsenic increased for all treatment methods when nitrification was induced. Table 4.5 shows the p-
values for all treatment comparison of metals removal. The significant differences (p < 0.05) are 
highlighted in red for convenience. 
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Table 4.5: Significant differences between methods for each metal were calculated using Tukey HSD 
method and the p-values are presented for each treatment comparison. Significant differences (p < 0.05) 
are highlighted in red for convenience. 
2.5% Mixture (Non-Nitrified) 
Treatment 1 Treatment 2 Cd Hg Pb As 
none sand 0.900 0.900 0.777 0.609 
none sand + carbon 0.900 0.900 0.900 0.900 
none reverse osmosis 0.900 0.900 0.900 0.453 
sand sand + carbon 0.900 0.900 0.900 0.900 
sand reverse osmosis 0.900 0.900 0.301 0.021 
sand + carbon reverse osmosis 0.900 0.900 0.425 0.097 
2.5% Mixture (Nitrified) 
Treatment 1 Treatment 2 Cd Hg Pb As 
none sand 0.581 0.608 0.900 0.900 
none sand + carbon 0.783 0.608 0.900 0.811 
none reverse osmosis 0.900 0.900 0.889 0.001 
sand sand + carbon 0.900 0.900 0.900 0.845 
sand reverse osmosis 0.758 0.900 0.638 0.001 
sand + carbon reverse osmosis 0.900 0.900 0.900 0.001 
The only significant difference in treatment method prior to nitrification being induced in 
the PHWW was between sand filtration and reverse osmosis (p = 0.021) for arsenic removal. After 
nitrification was induced in the PHWW, there was a significant difference in arsenic removal 
between no treatment and reverse osmosis (p = 0.001), between sand filtration and reverse osmosis 
(p = 0.001), and between sand+carbon and reverse osmosis (p = 0.001). It is also important to 
assess the impact of nitrification on each treatment method. Table 4.6 shows the p-values for each 
treatment method before and after nitrification was induced in the PHWW. 
Table 4.6: Significant differences between each method before (-) and after (+) nitrification was induced 
in the PHWW for each metal were calculated using Tukey HSD method and the p-values are presented for 
each treatment comparison. Significant differences (p < 0.05) are highlighted in red for convenience. 
2.5% Mixture 
Treatment 1 Treatment 2 Cd Hg Pb As 
none (-) none (+) 0.900 0.633 0.900 0.712 
sand (-) sand (+) 0.450 0.900 0.471 0.054 
sand + carbon (-) sand + carbon (+) 0.839 0.900 0.874 0.267 
reverse osmosis (-) reverse osmosis (+) 0.900 0.900 0.774 0.900 
No significant differences were found when nitrification was induced for any of the 
treatment methods. Table 4.7 shows the concentrations of nitrogen and phosphorus compounds in 
the PHWW mixtures. 
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Table 4.7: Nitrogen and phosphorus concentrations in the raw PHWW and treated PHWW. Concentrations 
are shown in mg/L. The standard deviation from the mean is also presented for each form of nitrogen and 
phosphorus. 
Nitrogen and Phosphorus Nutrients in Raw and Treated PHWW  
Sample Nitrogen Phosphorus 
Mixture 
(% raw) 
Filtration 
NO3+NO2 
(mg/L) 
NH4 
(mg/L) 
Total N 
(mg/L) 
Ortho-PO4 
(mg/L) 
Total P 
(mg/L) 
100% none 0.43 472.00 1364.00 0.59 0.69 
1% 
none 0.00 5.83 12.37 0.06 0.06 
sand 0.00 3.68 8.54 0.09 0.10 
sand+carbon 0.00 0.72 1.36 0.42 0.43 
reverse osmosis 1.75 2.31 4.37 0.39 0.40 
2.50% 
none 0.00 11.73 30.20 0.05 0.06 
sand 0.00 3.10 7.14 0.08 0.09 
sand+carbon 0.00 1.93 5.49 2.14 2.24 
reverse osmosis 2.16 2.21 4.50 0.48 0.49 
5.00% 
none 0.00 25.60 68.63 0.05 0.07 
sand 0.14 4.04 8.99 0.10 0.11 
sand+carbon 0.00 3.00 6.43 1.22 1.26 
reverse osmosis 1.10 1.52 2.78 0.22 0.23 
  
The raw PHWW had high concentrations of NH3-N and total N (Table 4.7), which 
aligned with what was found in the literature (Stablein, 2018; Mazur, 2016; Lu et al., 2017; 
Pham et al., 2013). However, phosphorous was on a much lower scale. However, very little of 
this was in the form of NO3+NO2. Across all mixtures, reverse osmosis treatments had higher 
NO3+NO2 concentrations than any other filtered or unfiltered treatment, which was not expected. 
Outside of this, within each mixture, sand+carbon treatments had lower nitrogen concentrations 
than sand alone and sand alone had lower nitrogen compound concentrations than unfiltered. On 
a whole, the less dilute mixtures had higher nutrient concentrations than the more dilute 
mixtures. For phosphorus, within each mixture, sand alone had higher phosphorus compound 
concentrations than unfiltered and sand+carbon had higher than sand alone. Figure 4.6 presents 
the percent removal of nutrients by each treatment method and mixture of PHWW. 
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Figure 4.6: The percent removal of each form of nitrogen and phosphorus from the raw PHWW for the 
four treatments is presented. 
The nitrogen compounds were relatively easily removed by the sand and sand+carbon 
treatment methods in this study. However, the sand filtration was only able to remove 68% of the 
NO3+NO2 from the 5% mixture and the reverse osmosis treatment showed higher NO3+NO2 than 
the raw PHWW, so the reverse osmosis percent removals are not included in Figure 4.6. The 
ammonium and total N were entirely removed from all mixtures by all treatment methods. The 
orthophosphate and total P concentrations were higher in the treated PHWW than the initial diluted 
PHWW mixtures. Of the treatment methods, sand filtration was most effective, followed by 
reverse osmosis and then sand+carbon filtration. Since the sand+carbon filtration had higher 
concentrations than the raw PHWW, it is not shown in Figure 4.6. Table 4.8 shows the p-values 
for all treatment comparison of nutrients removal. The significant differences (p < 0.05) are 
highlighted in red for convenience. 
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Table 4.8: Significant differences between methods for each form of nitrogen and phosphorus were 
calculated using Tukey HSD method and the p-values are presented for each treatment comparison. 
Significant differences (p < 0.05) are highlighted in red for convenience. 
1% Mixture 
Treatment 1 Treatment 2 NO3+NO2 NH3 Total N Ortho-P Total P 
none sand 0.900 0.689 0.857 0.900 0.900 
none sand + carbon 0.900 0.118 0.204 0.081 0.071 
none reverse osmosis 0.001 0.346 0.433 0.113 0.096 
sand sand + carbon 0.900 0.481 0.515 0.121 0.116 
sand reverse osmosis 0.001 0.893 0.822 0.168 0.156 
sand + carbon reverse osmosis 0.001 0.836 0.900 0.900 0.900 
2.5% Mixture 
Treatment 1 Treatment 2 NO3+NO2 NH3 Total N Ortho-P Total P 
none sand 0.900 0.001 0.001 0.900 0.900 
none sand + carbon 0.900 0.001 0.001 0.001 0.001 
none reverse osmosis 0.001 0.001 0.001 0.119 0.112 
sand sand + carbon 0.900 0.567 0.859 0.001 0.001 
sand reverse osmosis 0.001 0.732 0.627 0.153 0.141 
sand + carbon reverse osmosis 0.001 0.900 0.900 0.001 0.001 
5% Mixture 
Treatment 1 Treatment 2 NO3+NO2 NH3 Total N Ortho-P Total P 
none sand 0.900 0.001 0.001 0.900 0.900 
none sand + carbon 0.900 0.001 0.001 0.055 0.069 
none reverse osmosis 0.039 0.001 0.001 0.900 0.900 
sand sand + carbon 0.900 0.824 0.729 0.066 0.079 
sand reverse osmosis 0.070 0.261 0.143 0.900 0.900 
sand + carbon reverse osmosis 0.039 0.644 0.510 0.102 0.120 
There was a significant difference between reverse osmosis treatment and the untreated 1% 
PHWW mixture, as well as between reverse osmosis and sand filtration, as well as between 
sand+carbon and reverse osmosis for NO3+NO2. In these cases, the untreated 1% mixture had 
lower concentrations of NO3+NO2 than the treated water. With the 2.5% mixture, significant 
differences between treatment methods existed for all of the nutrient compounds. Significant 
differences were only seen between the nitrogen compounds with the 5% PHWW mixture and 
primarily only between the treatment methods and the untreated PHWW mixture, but not between 
the filtration methods (except between sand+carbon and reverse osmosis). Table 4.9 shows the 
nitrogen and phosphorus mean concentrations after nitrification was induced in the PHWW 
mixtures. Figure 4.7 shows the change in concentration before and after nitrification for each 
nutrient and treatment method. 
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Table 4.9: Nitrogen and phosphorus concentrations in the raw PHWW and treated PHWW after 
nitrification. Concentrations are shown in mg/L. The standard deviation from the mean is also presented 
for each form of nitrogen and phosphorus. 
Nutrients of (Nitrified+Aerated) PHWW Treatments 
Sample Nitrogen Phosphorous 
Mixture      
(% raw) 
Treatment 
NO3+NO2 
(mg/L) 
Total N 
(mg/L) 
Ortho-PO4 
(mg/L) 
Total P 
(mg/L) 
100% none 0.43 1364.00 0.59 0.69 
1% 
none 0.12 19.47 0.45 0.61 
sand 0.00 2.29 0.12 0.15 
sand+carbon 0.00 2.44 0.59 0.54 
reverse osmosis 2.10 2.71 0.25 0.32 
2.50% 
none 0.00 33.03 0.22 0.35 
sand 0.00 20.57 0.05 0.19 
sand+carbon 0.05 5.50 0.83 0.72 
reverse osmosis 0.79 1.44 0.07 0.12 
5.00% 
none 1.75 0.08 0.05 0.11 
sand 0.18 12.07 0.14 0.27 
sand+carbon 0.19 14.80 0.48 0.69 
reverse osmosis 0.46 0.96 0.09 0.13 
 
 
Figure 4.7: The change in concentration of each form of nitrogen and phosphorus after nitrification was 
induced from the four treatments is presented. 
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There was an increase in NO3+NO2 concentration only for the untreated PHWW mixture 
(+1.75 mg/L). The reverse osmosis treatment caused a decrease in NO3+NO2 concentration for the 
2.5% and 5% mixtures. Total N concentrations increased after nitrification with the sand+carbon 
filtration for the 1% (+1.08 mg/L) and 5% (+8.37 mg/L) mixtures but remained unchanged for the 
2.5% mixture. Sand filtration decreased the total N concentration for the 1% (-6.25 mg/L) mixture, 
but increased concentrations for the 2.5% (+13.43 mg/L) and 5% (+3.08 mg/L) mixtures. Reverse 
osmosis filtration slightly decreased total concentrations for all three PHWW mixtures. The 
untreated PHWW mixture increased total N concentrations for the 1% (+7.10 mg/L) and 2.5% 
(+2.83 mg/L) mixtures, but substantially decreased the total N concentration for the 5% mixture 
(-68.55 mg/L).  
The orthophosphate concentrations were slightly higher after nitrification for the untreated 
1% (+0.39 mg/L) and 2.5% (+0.17 mg/L) PHWW mixtures but remained unchanged for the 
untreated 5% PHWW mixture. There were also slight increases in orthophosphate concentrations 
for the 1% PHWW mixture when sand filtration (+0.02 mg/L) and sand+carbon filtration (+0.17 
mg/L) were used, but a 0.14 mg/L decrease when reverse osmosis was used. There were decreases 
in orthophosphate concentrations for the 2.5% PHWW mixture when sand filtration (-0.03 mg/L), 
sand+carbon filtration (-1.32 mg/L), and reverse osmosis filtration (-0.41 mg/L) were used. In 
addition, the orthophosphate concentrations decrease for the 5% PHWW mixture when 
sand+carbon filtration (-0.75 mg/L) and reverse osmosis filtration (-0.12 mg/L) were used. Total 
P concentrations increased for all three untreated PHWW mixtures and also with the addition of 
sand filtration but decreased when sand+carbon filtration and reverse osmosis filtration were used; 
except for the 1% mixture, which experienced an increase in total P concentration when 
sand+carbon filtration was used. Table 4.10 shows the p-values for all treatment comparison of 
nutrient removal after nitrification was induced and Table 4.11 shows the comparison of each 
nitrogen and phosphorus compound concentration in the untreated PHWW mixtures before and 
after nitrification was induced. The significant differences (p < 0.05) are highlighted in red for 
convenience. 
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Table 4.10: Significant differences between methods for each form of nitrogen and phosphorus after 
nitrification were calculated using Tukey HSD method and the p-values are presented for each treatment 
comparison. Significant differences (p < 0.05) are highlighted in red for convenience. 
1% Mixture 
Treatment 1 Treatment 2 NO3+NO2 Total N Ortho-P Total P 
none sand 0.900 0.001 0.079 0.010 
none sand+carbon 0.900 0.001 0.643 0.900 
none reverse osmosis 0.011 0.001 0.371 0.085 
sand sand+carbon 0.900 0.900 0.015 0.038 
sand reverse osmosis 0.008 0.900 0.658 0.391 
sand+carbon reverse osmosis 0.008 0.900 0.076 0.274 
2.5% Mixture 
Treatment 1 Treatment 2 NO3+NO2 Total N Ortho-P Total P 
none sand 0.900 0.527 0.248 0.704 
none sand+carbon 0.757 0.097 0.001 0.168 
none reverse osmosis 0.001 0.035 0.334 0.498 
sand sand+carbon 0.757 0.469 0.001 0.038 
sand reverse osmosis 0.001 0.219 0.900 0.900 
sand+carbon reverse osmosis 0.001 0.900 0.001 0.022 
5% Mixture 
Treatment 1 Treatment 2 NO3+NO2 Total N Ortho-P Total P 
none sand 0.001 0.001 0.892 0.705 
none sand+carbon 0.001 0.001 0.050 0.024 
none reverse osmosis 0.001 0.843 0.900 0.900 
sand sand+carbon 0.900 0.215 0.133 0.105 
sand reverse osmosis 0.516 0.001 0.900 0.792 
sand+carbon reverse osmosis 0.623 0.001 0.082 0.030 
Many differences between treatments exist for the PHWW mixtures after nitrification, 
most notably for NO3+NO2 and total N. Significant differences existed for NO3+NO2 between all 
three untreated PHWW mixture and reverse osmosis filtration as well as between sand filtration 
and reverse osmosis filtration and between sand+carbon filtration and reverse osmosis filtration 
for the 1% and 2.5% mixtures. For the 5% PHWW mixture, significant differences were seen 
between sand filtration and the untreated PHWW mixture and also between sand+carbon filtration 
and the untreated PHWW mixture. For total N, there were significant differences between all three 
filtrations and the untreated 1% PHWW mixture, between reverse osmosis filtration and the 
untreated 2.5% PHWW mixture, and for all treatment interactions for the 5% PHWW mixture 
except between reverse osmosis filtration and the untreated 2.5% PHWW mixture and between 
sand filtration and sand+carbon filtration. 
For phosphorus, there were only significant differences between sand filtration and 
sand+carbon filtration for orthophosphate in the 1% PHWW mixture and between sand filtration 
and the untreated 1% PHWW mixture for total P. For the 2.5% PHWW mixture, there were 
significant differences between sand+carbon filtration and the untreated PHWW mixture, between 
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sand filtration and sand+carbon filtration, and between sand+carbon filtration and reverse osmosis 
filtration for orthophosphate. There were significant differences in total P between sand filtration 
and sand+carbon filtration and between sand+cabon filtration and reverse osmosis filtration for 
the 2.5% PHWW mixture. For the 5% PHWW mixture, there were significant differences between 
sand+carbon filtration and the untreated 5% PHWW mixture for both orthophosphate and total P 
and between sand+carbon filtration and reverse osmosis filtration for total P. 
Table 4.11: Significant differences between concentrations of each form of nitrogen and phosphorus before 
and after nitrification in the untreated PHWW mixtures were calculated using Tukey HSD method and the 
p-values are presented for each treatment comparison. Significant differences (p < 0.05) are highlighted in 
red for convenience. The “—“ for the 2.5% mixture signifies that the mean concentrations before and after 
nitrification were both zero. 
 Mixture Treatment 1 Treatment 2 NO3+NO2 Total N Ortho-P Total P 
1% Non-nitrified Nitrified 0.002 0.010 0.001 0.001 
2.5% Non-nitrified Nitrified — 0.066 0.048 0.032 
5% Non-nitrified Nitrified 0.001 0.001 0.374 0.123 
Nitrification caused significant differences in nutrient concentrations for all three PHWW 
mixtures. The concentrations of NO3+NO2, total N, orthophosphate, and total P were all different 
for the 1% PHWW mixture. For the 2.5% mixture, orthophosphate and total P were different after 
nitrification occurred. The NO3+NO2 concentrations were zero both before and after nitrification, 
so the p-value could not be computed. The NO3+NO2 and total N concentrations were significantly 
different after nitrification for the 5% PHWW mixture. 
Across all treatments, mixtures, and the raw PHWW, no E. coli or fecal coliform colonies 
were detected. 
4.4 Discussion 
The results of the heavy metal analyses indicate that arsenic and lead are the most 
concentrated heavy metals in the raw PHWW. Mercury seems to be almost undetectable and 
cadmium is similarly very low. The 2012 EPA Guidelines for Water Reuse holds criteria for 
elemental concentrations in wastewater used for irrigation (United States Environmental 
Protection Agency, 2018). These guidelines for arsenic, cadmium, and lead are 0.10, 0.01, and 5.0 
mg/L, respectively. Compared to these guidelines, raw PHWW and all PHWW treatments have 
acceptable arsenic, cadmium, and lead concentrations. Mercury is not included in these guidelines. 
Furthermore, in 2018 EPA Drinking Water Standards and Health Advisories, the maximum 
contaminant level (MCL) for arsenic, cadmium, lead, and mercury are 0.01, 0.005, 0.15, and 0.002 
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mg/L, respectively (United States Environmental Protection Agency, 2012). Compared to these 
guidelines for drinking water, raw PHWW exceeds the MCL for arsenic, lead, and mercury, but 
not cadmium. However, all unfiltered PHWW dilutions followed the guidelines for drinking water 
for arsenic, cadmium, lead, and mercury. Additionally, all filtered PHWW dilutions followed these 
guidelines for drinking water, except for 5% dilution with sand filtration alone for Arsenic. 
Furthermore, the finding that, within each PHWW mixture, arsenic and lead concentrations 
increased after filtration with sand or sand with granulated activated carbon, compared to the 
PHWW mixture alone, shows that filtration may adverse effects on diluted PHWW treatments. It 
is suspected that this is because the diluted PHWW has very low heavy metal concentrations and 
is contaminated by heavy metals in the filter media used. Therefore, it is difficult to determine the 
effect of different granular filter media on the reduction of concentrations found in diluted PHWW. 
However, as sand with granulated activated carbon had lower concentrations than sand alone, sand 
with granulated activated carbon may be an effective filter media for PHWW or other wastewaters 
with higher heavy metal concentrations. Reverse osmosis was used in this study as a benchmark, 
as it is one of the most effective filtering methods available (Hoslett et al., 2018; Victor-Ortega 
and Ratnaweera, 2017; Baudequin et al., 2011). Reverse osmosis proved to be quite effective in 
removing metals from the PHWW mixtures, achieving percent removals ranging from 82.77% for 
cadmium in the nitrified 2.5% PHWW mixture to complete removal of cadmium and mercury in 
the 1% and 2.5% PHWW mixtures before nitrification. Budgetary constraints may prevent reverse 
osmosis from being feasible in a large-scale production system. Therefore, sand filtration or 
sand+carbon filtration may be suitable considering the ability of both of these filtering methods to 
achieve acceptable concentrations of cadmium, lead, and arsenic for EPA Water Reuse criteria. 
Nutrient analyses show that while PHWW may have excess nitrogen, it may not be in the 
NO3+NO2 form, which plants can more easily utilize. The raw PHWW in this study had 1364 
mg/L of total N, but only 0.43 mg/L of NO3+NO2, which means only 0.03% of the nitrogen is in 
the preferred form for plant uptake. A recommended rate of 150 mg/L of nitrogen is needed for 
optimal lettuce production (Mattson and Peters, 2019). Therefore, significant fertilizer 
supplementation will be needed in order to effectively use PHWW for crop production. 
Furthermore, filtration to reduce heavy metals content has the side effect of removing nutrients 
from the PHWW. If filtration is used to reduce metals content, further supplementation with 
fertilizer in addition to the PHWW may be necessary. While the nitrified treatments did have 
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higher phosphorus concentrations, NO3+NO2 was not greatly affected. This may be due to a failure 
to establish true nitrifying bacteria, the nitrate being filtered out, or not allowing enough time for 
the reaction to occur. The concentrations of orthophosphate (0.59 mg/L) and total P (0.69 mg/L) 
were quite low even in the raw, undiluted and untreated PHWW. In the diluted mixtures, the 
concentrations were very low and undetectable in some cases. For several of the treatments, 
especially the sand+carbon filtration, the orthophosphate and total P concentrations were higher 
than the untreated 2.5% and 5% PHWW mixtures. Perhaps the slight heterogeneity and very low 
concentrations of the raw PHWW simply magnified an otherwise typical effect. 
For E. coli/coliforms, all treatments tested negative, so PHWW should be a safe choice for 
a water source free of pathogens. This is likely due to the high heat and pressure involved in the 
HTL process, which should destroy any pathogens present (Pham et al., 2013). The US EPA 
guidelines for water reuse on food crops states no detectable fecal coliforms are allowed per 100 
mL of reclaimed water (United States Environmental Protection Agency, 2012. It should be noted, 
however, that these guidelines were established with surface or spray irrigation for food crops in 
mind, in which the water comes into direct contact with the food portion of the crop. Hydroponic 
lettuce production, in contrast, would consist of providing reclaimed and treated water only to the 
roots of the crop. No specific guideline currently exists for this scenario.  
4.5 Conclusions 
Raw PHWW and PHWW treatments met US EPA guidelines for wastewater reuse for crop 
irrigation in terms of heavy metals and E. coli and coliforms. While PHWW has N concentrations 
exceeding those needed by plants, it is not in the form of NO3. Furthermore, PHWW does not have 
sufficient P concentrations for optimal plant growth. Seeing as the raw PHWW used in this study 
met the guidelines for wastewater reuse for crop irrigation, the treatment of PHWW should focus 
on treating it to be the most effective crop fertilizer. Only the reverse osmosis treatment was able 
to consistently remove heavy metals from the PHWW mixtures. However, even without any 
treatment, the heavy metal concentrations in the PHWW mixtures were below the US EPA 
recommended levels for water reuse, and even below the US EPA MCL for drinking water. 
Therefore, diluted PHWW does not necessitate treatment for heavy metals. 
A limitation of this study is that there was only one specific source of PHWW from one 
pilot HTL reactor. In order to assure that all PHWW has similar results, performing this study with 
PHWW from different reactors run on different feedstocks in different reactor runs should be done. 
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Another limitation is that the PHWW had been in storage without temperature control before use; 
ideally, fresh PHWW could be used, to limit changes in the PHWW over time. Furthermore, a 
larger sample size for each treatment could increase confidence in the findings.   
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CHAPTER 5: YIELDS AND SAFETY OF HYDROPONIC LETTUCE WITH TREATED 
PHWW 
 
5.1. Introduction 
The U.S. produces an estimated 79 million dry tons of sustainably collectable livestock 
manure and food processing waste annually (Biofuels and Bioproducts, 2017). This has 
encouraged a growing interest in hydrothermal liquefaction (HTL), a process by which organic 
matter, such as sewage or manure, is converted to bio-crude oil under high temperatures and 
pressures (Akhtar and Amin, 2011). Furthermore, this process produces an aqueous byproduct that 
contains nutrients including nitrogen, phosphorus, and potassium (Leng and Zhou, 2018). The high 
temperatures and pressures needed for the HTL process destroy contaminants, such as 
pharmaceuticals, pathogens, and genetic material that are present in the HTL feedstock (Peterson 
et al., 2008; Huang and Yuan, 2015). Therefore, there is a potential that this post-hydrothermal 
liquefaction wastewater (PHWW) has the capacity to grow food.  
Wastewater reuse for irrigation is a current topic of study, with research being done on the 
effect of treated wastewater on crops and soil (Ambika and Ambika, 2010; Jaramillo and Restrepo, 
2019). Some concerns with the use of wastewater as irrigation are heavy metal contamination, 
drugs, and pathogens (Christou et al., 2017; Khalid et al., 2018). However, the high temperatures 
and pressures in HTL should eliminate the drugs and pathogens from the PHWW, which leaves a 
potential risk for heavy metals in PHWW.    
Studies have shown the benefits and limitations of other wastewater sources in hydroponic 
production. Hydroponic crop production grows plants in the absence of soil by directly exposing 
the roots to a nutrient solution. Hydroponic production, while requiring 82 times more energy to 
produce, uses 92% less water and produces 11 times more yield per area than conventional 
agriculture (Barbosa et al., 2015). 
Treatment of wastewater has been shown to be possible over 7 days with a Pistia stratiotes 
phytofiltration lagoon, with an average biomass production of 5.808 grams of dry weight per 
square meter per day (Olguín et al., 2017). Lettuce can successfully be produced with treated 
greywater without posing a substantial health risk for pathogens and heavy metals, while also 
providing a 5.1 log10 reduction of E. coli in the final effluent (Eregno et al., 2017). Hydroponic 
barley production using wastewater has been investigated (Androver et al., 2013) and found a 
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decrease in yields of 47% and 17% for conventional activated sludge and lagoon system water 
compared to half-strength Hoagland Solution, concluding that further fertilization of the 
wastewater would be necessary and that heavy metal concentrations in plant tissue increased, but 
did not exceed toxic levels. Al-Karaki (2011) explored using tertiary-treated sewage wastewater 
to grow fodder barley in controlled environment vertical hydroponic growing towers. Compared 
to treatments of tap water alone, which was used without fertilizer for hydroponic green fodder 
due to short growth period, wastewater and wastewater mixed with tap water improved yields and 
water efficiency. Furthermore, no pathogens were found in any hydroponic treatment, compared 
to previous research in conventional agriculture.  
Primary and secondary treated municipal wastewater was investigated for hydroponic 
cucumber irrigation with nutrient film technique (Pilatakis et al., 2013). It was found that primary 
treated wastewater, with or without nutrient supplementation, decreased plant height and reduced 
leaf and flower number, but this was not seen with secondary treated wastewater. However, the 
increased fruit number and weight resulted in increased yields, but it was also found to spread 
disease in plant roots and fruit. Chow et al. (2001) cultivated butterhead lettuce and Chinese 
cabbage with primary and secondary municipal wastewater effluents and half-strength Cooper 
nutrient solution. It was found that Chinese cabbage showed signs of phytotoxicity with both 
effluents, but butterhead lettuce did not; both crops had lower yields than the control. However, 
da Silva Cuba Carvalho et al. (2018) sought to evaluate nutrient absorption and yields of Vanda 
lettuce cultivated hydroponically with wastewater from a domestic sewage treatment station. 
Using nutrient film technique with treatments of tap water and fertilizer, wastewater supplemented 
with fertilizers, and wastewater alone, they found that wastewater supplemented with fertilizers 
had yields and nutrient uptake comparable to tap water with fertilizers. However, treated sewage 
effluent alone did not have the nutrients necessary for lettuce production and had a quarter of the 
mass compared to supplemented wastewater. Cui et al. (2003) treated septic tank effluent using 
vertical-flow wetlands followed by hydroponically growing spinach and romaine lettuce, which 
resulted in removal efficiencies sufficient for a secondary biological treatment plant discharge, 
with yields less than nutrient solution hydroponic control, but higher than field soil cultivation. 
Norström et al. (2004) investigated using hydroponics and microalgae production in conjunction 
with conventional biological treatment to treat domestic wastewater. The system was able to 
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achieve a 90% COD removal, 72% total nitrogen reduction, and 47% phosphorous reduction, but 
was not sufficient for Swedish effluent standards.              
It has been demonstrated that wastewater spiked with PHWW can augment the growth of 
mixed culture algae and rice. Phototrophic algae growth was quantified as Chlorophyll a 
concentration, which was increased by over 30% when using a small percentage of PHWW (0.5%). 
However, larger concentrations of PHW had an inhibitory effect, perhaps due to high ammonia 
concentrations or organic inhibitors (Abeliovich and Azov, 1976; Källqvist and Svenson, 2003; 
Konig et al., 1987; Tam and Wong, 1996). In past work, phenol, toluene, benzene and a variety of 
nitrogenous heteroatomic compounds have been identified in PHWW (Appleford et al., 2005) and 
are known to be toxic to some algae (Agrawal and Gupta, 2009; Guang-Hua et al., 2008). It is also 
known that acclimated algae can tolerate up to 15% HTL aqueous product. In comparison to 
conventional wastewater treatment processes like activated sludge, it has been shown that 
phototrophic algae can enhance removal of wastewater nutrients, N and P, by 86% and 95%, 
respectively (Zhou et al., 2013).  
  Average rice yields from plants grown using a blend of nutrients from swine manure and 
PHWW was approximately 18.5% higher than control plants grown in municipal water containing 
synthetic nutrients (Mazur, 2016). However, one problem noticed in this study was that the rice 
irrigated with PHWW had higher levels of certain metals (i.e., Hg, Cd, Pb, with only Hg exceeding 
the current FDA standards for rice), which is a topic of this proposed study. 
The overall goal of this study was to assess the ability of treated PHWW to effectively and 
safely grow lettuce, hydroponically. Specifically, this study measured the yield, content of heavy 
metals, and content of nitrogen and phosphorus of lettuce grown using five different source waters. 
5.2 Materials and Methods 
In this study, five different source waters were used to grow lettuce, hydroponically (Table 
1). The source waters were used as an irrigation/fertigation source for the production of lettuce. A 
series of five hydroponic racks (Figure 1) were used for the hydroponic production of lettuce. Each 
rack contained three growing bins and received the same water in each of the three bins. Each bin 
consisted of a batch reactor, in essence a static flood tray. Each bin contained a foam board layer 
to keep the plant potted in organic media above the water but allowing the root system to be 
submerged in the nutrient-rich feed (e.g., diluted but otherwise untreated PHWW, nitrified 
PHWW, filtered PHWW, etc.). Each bin accommodated 18 lettuce plants. 
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5.2.1 Experimental Design 
Lettuce plants, in groups of 18 plants randomly selected from plug trays, received the 5 
water treatments as shown in Table 5.1. 
Table 5.1: Descriptions of the five treatments used in this study. 
Treatment Number Treatment Description 
1 Hydroponic fertilizer 
2 2.5% PHWW with sand filtration 
3 
2.5% PHWW with sand+carbon 
filtration 
4 
2.5% PHWW with nitrification and 
sand filtration 
5 
2.5% PHWW with sand filtration 
and supplemented with hydroponic 
fertilizer 
 
Three replications of each treatment were completed, for a total of 15 experimental groups. 
The hydroponic fertilizer treatment acted as a control group for normal hydroponic lettuce 
production. For the individual experimental units, the following parameters were measured:  
1. Net change in wet mass from planting to harvest (net wet yield) 
2. Total dry yield at harvest 
3. Heavy metal concentrations (Hg, As, Cd, and Pb) in harvested dry mass 
4. Nitrogen and phosphorus contents in harvested dry mass 
5.2.2 Materials 
5.2.2.1 PHWW Source 
The Dr. Yuanhui Zhang research group at the University of Illinois at Urbana-Champaign 
provided the raw PHWW. The PHWW was produced in a hydrothermal liquefaction laboratory 
pilot reactor with a feedstock of algae grown on swine manure. The PHWW was undiluted in 
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barrels at a storage facility prior to being collected. When collecting enough PHWW for the 
experiment, the PHWW was well mixed and then placed in five 5-gallon sealed plastic buckets. 
5.2.2.2 Water Source & Dilutions 
Due to the large volume of water needed, tap water was used to prepare all dilutions in 55-
gallon plastic barrels. Tap water was added to raw PHWW to generate the 2.5% mixtures.   
5.2.2.3 Filtration Equipment 
Sand and sand+carbon filtration treatments were performed with a Sand Master Soft Sided 
Above Ground Pool Sand Filter System (Swimline, Edgewood, NY, USA), filled with sand and a 
sand-carbon-sand layering, respectively. The sand was Fairmount Minerals Pool Filter #20 Grade 
Silica Sand (Fairmount Santrol, Benton Harbor, MI, USA), and the activated carbon source was 
Custom Aquatic Premium Bulk Granular Activated Carbon (Custom Aquatic, Vista, CA, USA).  
5.2.2.4 Nitrification Equipment 
Nitrification was performed in 55-gallon plastic barrels and was aided by ATM Aquarium 
Products Colony Nitrifying Bacteria (ATM Aquarium Products, Las Vegas, NV, USA) true 
nitrifying bacteria starter, a 45 L/min Hydrofarm AAPA45L Active Aqua Commercial Air Pump 
(Hydrofarm, Petaluma, CA, USA) , 6 VIVOSUN 4 x 2 Inch Large Air Stone Cylinders (Vivosun, 
Los Angeles, CA, USA), and Aquatic Experts Rigid Latex-Coated Coarse Bulk Roll Pond Filter 
Media, 18x72x1 Inches (Aquatic Experts, Greensboro, NC, USA) as biofilter material for the 
bacteria.  
5.2.2.5 Hydroponic Fertilizer Formula 
The hydroponic fertilizer was formulated from the General Hydroponics (Santa Rosa, CA, 
USA) commercial brand Flora Series hydroponic fertilizer for “aggressive vegetative growth” 
solution, using the three component fertilizers Flora Gro, Flora Micro, and Flora Bloom. This 
fertilizer was chosen as it is an easily obtained and consistent commercial hydroponic fertilizer. 
Flora Gro, Flora Micro, and Flora Bloom are 2-1-6, 5-0-1, and 0-5-4 NPK fertilizers, respectively. 
The “aggressive vegetative growth” formulation utilizes 396, 264, and 132 mL/100 liters of Flora 
Gro, Flora Micro, and Flora Bloom, respectively. To prepare Treatment 1, the components were 
measured with graduated cylinders and thoroughly mixed in a 55-gallon plastic barrel.  
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5.2.2.6 Growing Racks and Bins 
Each of the five treatments were assigned a growing rack (Figure 5.1) with 3 grow bins per 
rack. The racks were Husky (Denver, NC, USA) 78 in. H x 48 in. W x 24 in. D adjustable steel 
wire shelf units that were modified to have 4 shelves. The top three shelves were used for holding 
grow bins and lighting fixtures and the bottom was used for holding the air pump and electrical 
equipment. Each lettuce growing shelf had a Lithonia (Atlanta, GA, USA) Lighting High Bay 
Industrial 6-light hanging fluorescent fixture, a grow bin, and two VIVOSUN (Los Angeles, CA, 
USA) 4x2 inch cylinder air stones with connected tubing. The lighting fixtures of each rack were 
fitted with six 4 ft T8 32-Watt Daylight 6500K ALTO Linear Fluorescent Light Bulbs and 
connected to a GE (Boston, MA, USA) Indoor 24hr Mechanical Timer to control photoperiod to 
12 hours per day. The air stones of each rack were connected to a 20-Watt 45 L/min Hydrofarm 
(Petaluma, CA, USA) AAPA45L Active Aqua air pump split with a 6-outlet manifold to provide 
diffused oxygen to the root zone of the grow bins. The distance from the bottom of the lighting 
fixture to the top of the grow bin was 12 inches (30.5 cm). 
 
Figure 5.1: Photograph of full hydroponic system during lettuce growing cycle. 
Each grow bin consisted of a Sterilite 86 cm L x 47.6 cm W x 17.8 cm H quart plastic tote 
container (Townsend, MA, USA), with a GreenGuard (Marietta, GA, USA) R3 Unfaced 
Polystyrene insulation foam board cut with 18 circular holes for PonicsFarm NP3AB 3-inch Black 
Slotted Mesh Net Pots, and filled with the respective treatment nutrient solution. The holes were 
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spaced so that pots were spaced in five rows, with three rows of 4 pots and two rows of 3 pots 
staggered between them. The net pots were held in the holes by the buoyancy of the foam board 
on the nutrient solution. Each net pot contained the lettuce plug, surrounded by Hydroton 
lightweight expanded clay aggregate (LECA) to hold the plug and allow room for root growth. 
The air stones were placed at either end of the length of the grow bin, submerged under the nutrient 
solution. 
5.2.2.7 Lettuce Plug Source 
 The lettuce plants used in this experiment were VF Lettuce Buttercrunch Plug 288 
transplant plugs sourced from Wenke Greenhouse through Ball Horticultural Company (West 
Chicago, IL, USA). Prior to shipment at 4 weeks old, the seeds were germinated at 20°C and 
grown after germination at 15.55°C with low humidity. The media used was a peat perlite 
mixture with no starter charge of fertilizer but were fertilized with 15-3-16 NPK 2x micros at 
100 ppm. Upon arrival, the lettuce plugs were put under the laboratory conditions, allowed to 
soak in the hydroponic fertilizer solution for 1 day, and then healthy plugs were randomly 
selected, weighed, and transplanted into the grow bins.  
5.2.3 Procedure 
5.2.3.1 Initial PHWW & Dilutions 
The experiments were conducted in the Soil and Water Laboratory of the University of 
Illinois at Urbana-Champaign. The lab was kept at room temperature (18.3°C). When not in use, 
PHWW was sealed in the 5-gallon plastic barrels to prevent contamination from the room 
environment. For each of the treatments, the water was well-mixed with a powered stirring rod for 
3 minutes before being added to the grow bins.  
5.2.3.2 Nitrification Process 
Nitrification was performed in 55-gallon plastic barrels and was aided by ATM Aquarium 
Products Colony Nitrifying Bacteria (ATM Aquarium Products, Las Vegas, NV, USA) true 
nitrifying bacteria starter, a 45 L/min Hydrofarm AAPA45L Active Aqua Commercial Air Pump 
(Hydrofarm, Petaluma, CA, USA), 6 VIVOSUN 4 x 2 Inch Large Air Stone Cylinders (Vivosun, 
Los Angeles, CA, USA), and Aquatic Experts Rigid Latex-Coated Coarse Bulk Roll Pond Filter 
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Media, 18x72x1 Inches (Aquatic Experts, Greensboro, NC, USA) as biofilter material for the 
bacteria. 
For Treatment 4, prior to filtration, nitrification was performed in order to convert some of 
the ammonium and organic forms of nitrogen in the raw PHWW into NO3+NO2. In order to 
achieve nitrification through true nitrifying bacteria, Nitrosomonas and Nitrobacter, 100 mL of 
true nitrifying bacteria solution per 200 liters of diluted PHWW to introduce the bacteria to the 
wastewater. To establish optimal conditions for bacteria growth, the temperature was held at 26.67 
°C in closed-lid 55-gallon bins and supplied with oxygen from 45 L/min air pumps using 6 air 
diffusing stones for 8 days. Additionally, 48x72x1 inches of filter pad media was submerged in 
the nitrifying solution to increase the surface area for nitrifying bacteria to multiply on. After 8 
days of reaction, the equipment was removed from the bins and heating was stopped, unfiltered 
samples were taken, and then the remaining diluted/nitrified solution proceeded to filtration.   
5.2.3.3 Filtration Preparation & Process, Sand and Sand+Carbon 
Two pool filters were used, one for sand filtration and the other for sand+carbon filtration. 
For sand filtration (Treatments 2 and 4), filter-quality sand was poured into the filtration bed of 
the pool filter to three-quarters of the height of the bed, according to manufacturer instructions. 
For sand+carbon filtration (Treatment 3), the middle third of the filter sand was replaced with 
activated carbon. In either case, the filter bed was primed with tap water before use. The sand was 
Fairmount Minerals Pool Filter #20 Grade Silica Sand (Fairmount Santrol, Benton Harbor, MI, 
USA), and the activated carbon source was 4 x 8 US mesh size (particles were in the range of 
0.25” to 0.125”) Custom Aquatic Premium Bulk Granular Activated Carbon (Custom Aquatic, 
Vista, CA, USA). Between nitrified and non-nitrified solutions, the filter media was removed, the 
filter bed was cleaned with bleach and thoroughly rinsed, and fresh filter media was added to the 
filter bed. The 200 liters of diluted (both non-nitrified and nitrified) PHWW were then passed 
through the pool filter at 5 psi at a flow rate of 75.7 liters per minute (20 gallons per minute) for a 
single-pass filtration.  
5.2.3.4 Fertilizer Supplementation 
 For Treatment 5, the procedure for preparing Treatment 1 was repeated, but using the sand 
filtered 2.5% PHWW mixture (Treatment 2) to prepare the formulation of hydroponic fertilizer 
instead of tap water. Thus, this treatment has both the hydroponic fertilizer and PHWW. 
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5.2.3.5 Growth Period & Harvesting 
After the treatment mixtures and grow bins were prepared, the lettuce was grown for 28 
days before harvesting. During this time, grow bins were inspected daily to observe growth and 
replace any water lost to evapotranspiration with the prepared treatment stock solution. At harvest, 
the leafy mass of the lettuce was weighed individually and then collected by treatment group and 
shelf number to be dried for elemental testing of the leaf tissue. 
5.2.4 Analyses 
5.2.4.1 Lettuce Yields 
Lettuce yields were determined by measuring the mass of both initial lettuce plugs and 
final above-ground lettuce tissue for each individual plant. Mass was measured with a Mettler 
Toledo (Columbus, OH, USA) PL601-S Electronic Scale Balance. The difference in plant mass 
only accounts for the “above ground” portion of the plant, though the plug measurements also 
contained the roots and plug media for the mass calculations, as removing the roots and rooting 
media would damage the plant. For a healthy and fully-grown lettuce plant, the initial mass added 
from the inclusion of the roots and plug media was assumed negligible compared to the grown 
mass of the plant. 
The net wet yield is presented as the difference between the wet mass at harvest minus the 
wet mass of the plug at the start of the study. The net wet yield is important for highlighting how 
much the lettuce plants grew after exposure to the water treatments, as well as illustrating 
treatments where the lettuce plants decreased in mass or died. The total dry yield, however, is the 
average mass across the three bins for each treatment of the dry lettuce at harvest. The plant tissue 
was dried in a drying oven at 70°C until a constant mass achieved. From this, the dry mass of the 
above-ground plant tissue was recorded.  
5.2.4.2 Heavy Metals Assay 
Analysis for heavy metals was completed by the Microanalysis Laboratory at the School 
of Life Sciences and the University of Illinois using Inductively Coupled Plasma Mass 
Spectrometry with “PERKINELMER – MODELS NEXION 350D (ICP-MS) AND OPTIMA 
8300 (ICP-OES)”, for detecting the heavy metals down to parts per billion (µg/L) concentrations. 
The metals tested were mercury, lead, cadmium, and arsenic. 
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Dried plant leaf tissue from the harvested lettuce was gathered by grow bin unit and ground 
in an 80335R Hamilton Beach (Glen Allen, VA, USA) Fresh-Grind Coffee Grinder for one minute, 
so the plant tissue reached a consistent particle size and was thoroughly mixed. From this dry 
ground plant tissue powder, dry samples were sent to the Microanalysis Laboratory for the 
concentration of heavy metals in the plant tissue itself. 
5.2.4.3 Nutrient Assay 
Nutrients in all aqueous samples were tested at the Water Quality Lab at the Agricultural 
Engineering Sciences Building. Samples were analyzed for nitrogen (total N and NO3+NO2) 
according to Automated Hydrazine Reduction Method (Standards Methods 4500-NO3-H, NEMI) 
and for orthophosphate and total P using the Ascorbic Acid Reduction Method (Standard Methods 
4500-P-F, NEMI). A portion of the dried plant material was sent to Midwest Laboratories for N 
and P analysis. 
5.2.4.4 E. coli/coliforms Testing 
The coliform and E.coli indicator organisms were detected and enumerated using 3M 
PetrifilmTM E.coli/Coliform Count plates (Product Code 6414). These E.coli/Coliform plates 
contain Violet Red Bile nutrients, a cold-water-soluble gelling agent, an indicator of glucuronidase 
activity, and a tetrazolium indicator that facilitate colony detection and enumeration in food and 
aqueous samples. One milliliter of water was taken from each sample, plated, and incubated at 37 
°C for 24 hours. 
5.2.5 Source Waters 
Based on methods described above, the nutrient and heavy metal concentrations of the 
source waters were determined and are presented in Table 5.2. 
 
 
 
 
 
 
 
 47 
Table 5.2: Average concentrations of nutrients and metals in the water prior to lettuce being grown. 
Treatment 
NO3+NO2 
ppm 
Total N 
ppm 
Ortho-PO4 
ppm 
Total P 
ppm 
Cadmium 
ppb 
Mercury 
ppb 
Lead 
ppb 
Arsenic 
ppb 
1 193.38 211.20 29.30 29.30 0.26 0.00 2.45 1.86 
2 0.00 8.55 0.09 0.10 0.08 0.00 3.06 8.18 
3 0.00 1.36 0.42 0.43 0.13 0.00 2.75 6.75 
4 0.00 20.58 0.05 0.18 0.54 0.00 0.50 2.21 
5 193.38 219.74 29.39 29.40 0.26 0.30 2.19 2.13 
 
Across all treatments, no E. coli/coliforms were detected in the water, initially. Therefore, 
E. coli/coliform testing was not conducted for the lettuce in this experiment, as any contamination 
would not be due to the water. 
5.2.6 Statistical Analysis 
Differences between the treatments were analyzed for significance using a one-way 
analysis of variance (ANOVA) with post-hoc Tukey Honestly Significant Difference (HSD) for 
comparing multiple treatments. When sample sizes were unequal, the Tukey-Kramer method was 
used. 
5.3 Results and Discussion 
Lettuce was grown from plugs for 4 weeks under controlled environmental conditions. At 
the end of the growing cycle, all lettuce tissue was harvested, and each individual plant weighed. 
The plants were then combined according to bin, dried, and weighed again. The dried plants were 
analyzed for nutrient content and concentrations of metals. Table 5.3 summarizes the 
concentrations of heavy metals, nutrient content, and yields of lettuce for all five treatments.  
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Table 5.3: Summary table of concentrations of heavy metals, nutrient content, and yield of lettuce for each 
of the five treatments. The net wet yield is the difference between the final wet mass of the lettuce plants 
and the wet mass of the lettuce plugs at planting. The total dry yield is the dry mass of the lettuce plants at 
harvest. 
Treatment 
Concentrations of Heavy Metals 
in Dry Leaf Mass (ppb) 
Nitrogen and 
Phosphorus (%) Net Wet 
Yield (g) 
Total Dry 
Yield (g) 
  Cd Hg Pb As N P 
1 4.20 2.74 57.86 30.56 5.45% 1.04% 127.34 93.67 
2 15.60 3.19 136.50 81.81 1.93% 0.16% 3.49 30.60 
3 16.45 2.63 77.01 118.32 1.84% 0.14% 0.78 27.00 
4 7.76 1.21 32.86 99.85 1.53% 0.23% 7.19 35.57 
5 0.81 0.93 3.64 42.69 5.44% 0.99% 78.25 70.20 
 
Table 3 summarizes the average concentrations across the three bins for each treatment of 
cadmium, mercury, lead, and arsenic as well as the percentage of nitrogen and phosphorus in the 
dry lettuce tissue at harvest. In addition, the net wet and total dry yields are provided. The net wet 
yield is presented as the difference between the wet yields at harvest minus the wet mass of the 
plug at the start of the study. Treatment 1 (control) had the highest net wet yield of all five 
treatments; 36.5 times higher than Treatment 2, 163.3 times higher than Treatment 3, 17.7 times 
higher than Treatment 4, and 1.6 times higher than Treatment 5. Treatment 1 also had the highest 
total dry yield of all five treatments; 3.06 times higher than Treatment 2, 3.5 times higher than 
Treatment 3, 2.6 times higher than Treatment 4, and 1.3 times higher than Treatment 5. It should 
be noted that the total dry yield is higher than the net wet yield for Treatments 2, 3, and 4. This 
goes against conventional wisdom and is caused by many of the individual lettuce plants in these 
treatments either decreasing in mass throughout the study, or completely dying. Plants that 
decreased in mass or died allowed for a decrease in net wet yield, but still contributed to a total 
dry yield since some plant matter remained. 
The concentration of cadmium was highest in the lettuce from Treatment 3, at nearly four 
times higher than Treatment 1 (control). Lettuce from Treatment 3 also had the highest arsenic 
concentration, which was nearly four times higher than Treatment 1. Lettuce from Treatment 2 
had the highest mercury concentration, but it was only slightly higher than Treatment 1. The 
concentrations of cadmium, mercury, and lead were significantly lower for the lettuce from 
Treatment 5, even though it was the diluted PHWW supplemented with hydroponics fertilizer, 
which Treatment 1 also received. Perhaps something in the PHWW prevented the lettuce from 
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taking up cadmium, mercury, and lead. The concentrations of mercury and lead were lower for the 
lettuce from Treatment 4 than Treatment 1. This may be due to the Treatment 4 lettuce taking up 
less water in general, as the yield from Treatment 4 was much lower than Treatment 1. 
The nitrogen and phosphorus contents are presented as percentages of the total plant mass. 
The nitrogen and phosphorus contents were nearly identical for Treatments 1 and 5 even though 
the total dry yield was 1.3 times higher for Treatment 1. The nitrogen content for Treatment 1 was 
2.8, 3.0, and 3.6 times higher than Treatments 2, 3, and 4, respectively. The phosphorus content 
for Treatment 1 was 6.5, 7.4, and 4.5 times higher than Treatments 2, 3, and 4, respectively. Figure 
5.2 shows the net wet yields of each bin and for each treatment. 
 
Figure 5.2: Net wet yield of lettuce during experiment plotted according to the fertilizer used over the 4 
weeks of growth for each replication performed. The net yield is calculated in grams for each plant from 
the difference of the initial plug mass from the final lettuce head mass. The cross represents mean, center 
bar represents median, upper and lower limits of the box represent the upper and lower quartiles, and 
whiskers represent the range of the data, with outliers outside of the whiskers. 
Within each treatment, replications had similar distributions for yields. Of the treatments, 
Treatment 1 had the greatest net wet yields, followed closely by Treatment 5. Treatments 2, 3, and 
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4 all had similar, but extremely poor yields. Table 5.4 shows the p-values for all treatment 
comparisons of net wet yield. The significant differences (p < 0.05) are highlighted in red for 
convenience. 
Table 5.4: Significant differences in wet mass (yield) between treatments were calculated using Tukey 
HSD method and the p-values are presented for each treatment comparison. Significant differences (p < 
0.05) are highlighted in red for convenience. 
Treatment 1 Treatment 2 p-value 
1 2 0.001 
1 3 0.001 
1 4 0.001 
1 5 0.001 
2 3 0.900 
2 4 0.900 
2 5 0.001 
3 4 0.900 
3 5 0.001 
4 5 0.001 
The statistical analysis confirmed that the Treatment 1 net wet yield was significantly 
higher than all other treatments and the Treatment 5 net wet yield was higher than Treatments 2, 
3, and 4. Figure 5.3 shows the total dry lettuce yield from each bin and for each treatment. The 
average total dry yield is also displayed for all three bins for a given treatment with the solid blue 
bar. 
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Figure 5.3: Total dry yield of lettuce at harvest for the 5 different treatments. The individual yield for each 
bin is provided, in addition to the average of the three bins. 
The total dry yield of each individual bin varied slightly. Treatments 1, 2, and 3 had higher 
total dry yields from bin 1, which was the bin on the top shelf of the rack. In contrast, Treatments 
4 and 5 had higher total dry yields from bin 3, which was the shelf at the bottom of the rack. It is 
possible that location of each bin within the rack could have impacted the yields. However, since 
each treatment had one bin at each level of the rack, this potential variation is accounted for when 
taking the average of the three bins. Table 5.5 shows the p-values for all treatment comparisons of 
total dry yield. The significant differences (p < 0.05) are highlighted in red for convenience. 
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Table 5.5: Significant differences in total dry mass (yield) between treatments were calculated using Tukey 
HSD method and the p-values are presented for each treatment comparison. Significant differences (p < 
0.05) are highlighted in red for convenience. 
Treatment 1 Treatment 2 p-value 
1 2 0.001 
1 3 0.001 
1 4 0.001 
1 5 0.060 
2 3 0.900 
2 4 0.900 
2 5 0.002 
3 4 0.755 
3 5 0.001 
4 5 0.006 
The statistical analysis confirmed that the total dry yield from Treatments 1 and 5 was 
significantly higher than Treatments 2, 3, and 4. There was not a significant difference in the total 
dry yield between Treatments 1 and 5. This is in contrast to Mazur (2016), who did see a significant 
increase in yields and inferred that PHWW can increase grain yields, whereas our lettuce yields 
with supplemented PHWW decreased overall yields. Figure 5.4 shows the nitrogen and 
phosphorus contents in the total dry lettuce from each bin and for each treatment. The norms were 
provided by Midwest Laboratories as benchmarks for nitrogen and phosphorus contents in typical 
adult lettuce plant tissue. 
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Figure 5.4: Percent nitrogen and phosphorus in the dry lettuce for each treatment. Norms are from Midwest 
Laboratories for sufficient element composition for adult lettuce plant tissue.  
The nitrogen and phosphorus contents for lettuce harvested from Treatments 1 and 5 were 
above the norms, while the lettuce harvested from Treatments 2, 3, and 4 were below the norms 
for nitrogen and phosphorus. Table 5.6 shows the p-values for all treatment comparisons of 
nitrogen and phosphorus content. The significant differences (p < 0.05) are highlighted in red for 
convenience. 
Table 5.6: Significant differences in N and P content in the dry leaf mass between treatments were 
calculated using Tukey HSD method and the p-values are presented for each treatment comparison. 
Significant differences (p < 0.05) are highlighted in red for convenience. 
Treatment 1 Treatment 2 N P 
1 2 0.001 0.001 
1 3 0.001 0.001 
1 4 0.001 0.001 
1 5 0.900 0.900 
2 3 0.900 0.900 
2 4 0.060 0.672 
2 5 0.001 0.001 
3 4 0.185 0.457 
3 5 0.001 0.001 
4 5 0.001 0.001 
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The statistical analysis confirmed that the nitrogen and phosphorus contents in the dry 
lettuce was significantly greater Treatments 1 and 5 than Treatments 2, 3, and 4. There was no 
significant different in nitrogen or phosphorus content between Treatment 1 and Treatment 5. 
Figure 5.5 shows the concentrations of heavy metals in the dry lettuce from each bin and for each 
treatment. 
 
Figure 5.5: Comparison of the concentration of metals in the lettuce at harvest for the 5 different treatments. 
The maximum allowable levels as set by the US Department of Agriculture Foreign Agriculture Service 
for foods grown in China is also included for comparison (Butterworth and Bugang, 2006). 
The concentrations of cadmium, mercury, and lead were all below the maximum allowable 
levels for food as determined by the US Department of Agriculture Foreign Agriculture Service 
for foods grown in China (Butterworth and Bugang, 2006) for all five treatments. The 
concentration of arsenic in lettuce from Treatments 2, 3 and 4, however, were above the maximum 
allowable level. A study by Eregno et al. (2017) involved growing lettuce hydroponically with 
treated greywater with added human urine and found that all lettuces and treatments were below 
estimated Health Risk Index and Target Hazard Quotient values and therefore implied to have low 
health risk for consumption. However, Eregno et al. (2017) did report that the HRI for As and 
THQ for As and Cr were relatively higher than the other metals tested, which is similar to our 
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findings for arsenic. Table 5.7 shows the p-values for all treatment comparisons of heavy metals 
content. The significant differences (p < 0.05) are highlighted in red for convenience. 
Table 5.7: Significant differences in metals concentrations in the dry leaf mass between treatments were 
calculated using Tukey HSD method and the p-values are presented for each treatment comparison. 
Significant differences (p < 0.05) are highlighted in red for convenience. 
Treatment 1 Treatment 2 Cd Hg Pb As 
1 2 0.042 0.900 0.669 0.073 
1 3 0.029 0.900 0.900 0.003 
1 4 0.804 0.498 0.900 0.014 
1 5 0.830 0.350 0.880 0.900 
2 3 0.900 0.900 0.834 0.264 
2 4 0.210 0.277 0.453 0.797 
2 5 0.009 0.181 0.242 0.213 
3 4 0.146 0.561 0.900 0.784 
3 5 0.006 0.408 0.714 0.008 
4 5 0.303 0.900 0.900 0.042 
 
 The average concentration of cadmium across the three bins was significantly lower in 
Treatment 1 than Treatments 2 or 3 and significantly higher in Treatments 2 and 3 than Treatment 
5. In addition, the average concentration of arsenic across the three bins was significantly higher 
in Treatments 3 and 4 than Treatments 5. Figure 5.6 shows a regression analysis between the total 
dry lettuce yield and heavy metal concentrations. 
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Figure 5.6: Correlation between dry lettuce yield and metals concentrations. The R2 values are provided 
for each best fit line. 
There is a negative correlation between yield and all four heavy metals, meaning the total 
dry yield decreased as the concentrations of each metal increased. A strong correlation existed 
between total dry lettuce yield and arsenic concentration (R2 = 0.8749). A moderate correlation 
existed between total dry lettuce yield and cadmium concentration (R2 = 0.6607), and relatively 
weak correlations with lead (R2 = 0.2165) and mercury (R2 = 0.0197). Figure 5.7 shows a 
regression analysis between the total dry lettuce yield and nutrient content. 
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Figure 5.7: Correlation between dry lettuce yield and nutrient content. The R2 values are provided for each 
best fit line. 
There is a positive correlation between yields and both nitrogen and phosphorus, meaning 
the total dry yield decreased as the concentrations of each nutrient increased. A strong correlation 
existed between total dry lettuce yield and both nitrogen (R2 = 0.8928) and phosphorus (R2 = 
0.9373). 
5.4 Conclusions 
From the yields and nutrient analyses, it is evident that Treatments 2, 3, and 4 (PHWW 
mixtures without supplemented hydroponic fertilizer) had vastly lower lettuce yields and nutrient 
content due to nutrient deficiencies. This was determined to be significantly different under 
Tukey’s HSD test for differences. Therefore, PHWW alone is not a sufficient fertilizer for 
irrigating lettuce hydroponically. However, supplemented PHWW and conventional hydroponic 
fertilizer were not significantly different. Thus, PHWW can be used in hydroponic fertilizer 
formulation without a significant negative impact on yields and nutrition as a source of nitrogen 
and irrigation water. Still, it was seen that supplemented PHWW had overall lower yields and 
nutrients than hydroponic fertilizer alone.  
While the plant tissue analysis shows that arsenic exceeded limits in Treatments 2, 3, and 
4, these treatments had vastly lower yields and showed extreme symptoms of nutrient deficiency. 
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Therefore, these treatments are neither viable for, nor representative of, lettuce cultivation. This 
means that PHWW needs to be supplemented with other nutrients in order for lettuce cultivation, 
but that when PHWW is supplemented, it can produce similar yields and nutrition to conventional 
hydroponic production. 
In this study, we focused on hydroponically growing lettuce with treatments of PHWW in 
comparison to conventional hydroponic fertilizer in terms of yield, nutrient content, and heavy 
metal concentrations. Further research on PHWW as a crop fertilizer should focus on finding 
techniques to convert the nitrogen in PHWW into NO3+NO2, finding sources of wastewater rich 
in phosphorous that could complement PHWW’s nitrogen concentration, expanding this research 
to other cultivars of lettuce or other hydroponic crops, and examining the overall nutrient, water, 
and energy efficiency of the hydrothermal liquefaction process in conjunction with cultivation 
using PHWW.   
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CHAPTER 6: CONCLUSIONS 
 
Looking across both sets of experiments, we can make some general conclusions on the 
effectiveness and safety of PHWW as a fertilizer for crop production. Overall, it is clear that 
PHWW alone will not be a suitable fertilizer for crop production. PHWW lacks sufficient 
phosphorous and nitrogen is not in a form available for growth. The treatments to convert this 
organic nitrogen and ammonia under a 1-week nitrification process did not perform sufficiently. 
It will be necessary to find a way to supplement any PHWW solution with fertilizer for sufficient 
nutrients for crop growth. Furthermore, it is possible that some compound in PHWW inhibits 
growth for plants that is not based on nutrient deficiency. Filtration to remove heavy metals does 
not remove this potential inhibitor and simultaneously reduces nutrient content of the PHWW. If 
this lower yields of PHWW cannot be remedied, then as it stands, it will not be as profitable to use 
PHWW as a fertilizer compared to synthetic fertilizer and therefore less feasible as a component 
of the Food-Energy-Water nexus. However, PHWW does contain high concentrations of nitrogen 
and could be used as a source of nitrogen in fertilizer formulations if a means of converting the 
nitrogen to nitrate was established. Furthermore, the low concentrations of arsenic, cadmium, 
mercury, and lead in the PHWW and in the plant tissue leads to the conclusion that, for at least 
this PHWW source, the tested heavy metals are not a significant health risk in lettuce grown with 
PHWW when properly supplemented to meet the nutrient demand of the lettuce plant. 
Additionally, E. coli and coliforms are not a health concern for PHWW, and while other pathogens 
should be checked, it leads to the speculation that PHWW, as suggested in the literature, sterilizes 
the PHWW under the high temperatures and pressures.   
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CHAPTER 7: RECOMMENDATIONS FOR FUTURE WORK 
❖ Perform a large-scale study of PHWW from different reactor types, with different 
feedstocks, to get a clearer picture of the contents of PHWW and the variation possible in 
nutrients and metals. 
❖ Study the effects of nitrification on PHWW over several weeks under ideal conditions for 
true nitrifying bacteria with a laboratory grade culture of Nitrosomonas and Nitrobacter to 
inoculate the PHWW, sampling each week for analysis of pH, nutrients, coliforms, and 
metals. This can help establish if the organic nitrogen and ammonia in PHWW can be 
possibly converted to nitrate sufficiently. 
❖ Use PHWW to produce Hoagland solution by adding the component nutrients to match the 
specifications of Hoagland solution and compare this PHWW-based Hoagland solution in 
the yields and plant tissue nutrients of crops grown hydroponically. This can illuminate 
whether something in the PHWW, outside of nutrient deficiency, is negatively impacting 
crop growth. 
❖ Explore a wider variety of crops, including fruits and other vegetables. The nutritional 
needs for a fruit-bearing crop will be different than those for a leafy green and may pose 
further challenge.  
❖ Conducting this study again with a larger number of replications could allow better 
statistical confidence in the procedure and effects of the treatments 
❖ Perform an efficiency analysis on the energy and water used compared to the nutrient 
recovery for different PHWW treatments. Determining if the electricity and water required 
to treat the PHWW is worth the nutrients recovered from the PHWW by the crops could 
help determine if PHWW is an efficient and sustainable source. If the PHWW crop 
production process recovers enough nutrients from the PHWW to justify the energy and 
water that goes into the treatment of PHWW compared to the energy and water needed to 
produce fertilizer synthetically, it would be a positive and worthwhile pursuit. 
❖ Explore possible sources of nutrient supplementation for PHWW, such as other wastewater 
sources or inorganic fertilizer.  
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